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Tissue constructs that mimic the in vivo cell- cell and cell- matrix interactions 
are especially useful for applications involving the cell- dense and matrix- poor 
internal organs. Rapid and precise arrangement of cells into functional tissue 
constructs remains a challenge in tissue engineering. We have developed a 
dendrimeric inter- cellular linker that can rapidly and effectively induce formation of 
multi- cellular structures, through the cross- linking of live cells via anchorage of 
hydrophobic oleyl groups at the end terminal of the dendrimeric linker into the cell 
membrane surface. We demonstrate rapid assembly of C3A cells into multi- cell 
structures using the dendrimeric inter- cellular linker. Bringing linker- treated cells 
into close proximity to each other via mechanical means such as centrifugation and 
micromanipulation enables their rapid assembly into multi- cellular structures within 
minutes. The multi- cellular structures exhibit high levels of viability, proliferation, 
three- dimensional (3D) cell morphology and improved cellular functions over a 7- 
day culture period. The linker stabilizes the multi- cellular structures of defined shape 
and pattern in a gel- free environment by mechanically confining the cells. Defined 
multi- cellular structures such as rings, sheets or branching rods can be built that can 
serve as potential tissue building blocks to be further assembled into complex 3D 
tissue constructs for artificial organ construction and other biomedical applications e.g. 
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The complex relationship between cell- cell and cell- matrix interactions found 
in tissues of the internal organs allows multi- cellular organisms to exist and function 
in various shapes, size and complexities [8-11]. The ability to establish these 
interactions rapidly and efficiently in 3D cell culture system is essential for in vitro 
tissue engineering, especially for mimicking the structures of the tissues in vivo and 
for the prediction of cellular response in real organism [12, 13].  
The classical tissue engineering approach to form tissue constructs in vitro 
involves the assembly of cells onto the 2D or pseudo- 3D surfaces surface of the 
porous biomaterial scaffolds with feature size in the range of mm- cm [14-18]. The 
application of these polymeric scaffolds is suitable for engineering bulky tissues 
whose functions can be substituted by constructs with gross anatomical features e.g. 
skin, bone, bladder and cartilage. Upon degradation, the spaces previously occupied 
by the polymeric scaffolds will be filled with large amount of the proliferated cells or 
extra- cellular matrix (ECM) that remodel into the gross anatomical features of the 
native tissue [19]. For engineering cell- dense and matrix- poor tissues of the internal 
organs such as liver, heart, pancreas and kidney where the functions are highly 
dependent on the precise structures with feature size in the range of nm- µm [20-22], 
precise placing of different multiple cell types inside the 3D porous scaffold is 
technically challenging.  
Tissue constructs from stacks of cell sheets can be formed using stationary 
culture on special substrate such as non- adherent or positively charged surfaces, 
ligand- coated, micro- fabricated or thermo- responsive polymeric surfaces [23-26]. 
 2 
 
The cell sheets technology can overcome most shortcomings of the traditional 
scaffold approach and can even engineer complex 3D features of the cell- dense and 
ECM- poor tissues. However, tissue constructs fabricated by cell sheets technology is 
highly dependent on cells’ natural aggregation ability that is time consuming and 
precision connections of the cell sheets into complex 3D features remain impractical.  
Others have also developed methods to use synthetic linker molecules to 
facilitate the fabrication of tissue constructs. The cell surfaces were engineered to 
present non- native functional groups such as aldehyde and biotin molecules, which 
react with the synthetic linker such as dendrimer hydrazide [27], PEI hydrazide [28], 
and avidin molecules [29, 30]. These techniques require pre- chemical or metabolic 
engineering to the cell surface prior to treatment with linker to establish cell- cell 
interaction. The linking process takes from hours to days that are impractical for 
fabricating complex 3D tissue constructs and can interfere with cellular functions over 
the extended treatment time. Another approach to linking cells involves direct 
anchorage of synthetic polymer onto the cell membrane via interaction of the 
hydrophobic oleyl/ cholesterol group or cell binding peptides such as Arg- Gly- Asp 
(RGD) at both end of the linear PEG derivative [31-33] with the cell membrane. The 
efficiency of the cell- cell interaction using linear polymeric linkers is low because the 
linear polymer has the tendency to fold back to the same cell surface thereby forming 
a loop around the cell instead of bridging between two different cells [31].  
This thesis project aims to engineer 3D multi- cellular constructs for in vitro 
studies by using a novel dendrimeric inter- cellular linker that can rapidly stabilize 
cell- cell contacts within minutes. The 3D multi- cellular constructs formed with the 
dendrimeric inter- cellular linker were then structurally characterised and functionally 
 3 
 
assessed for growth maturation. Finally, we mechanically confined the linker- treated 
cells with the use of the optical- trapping system to engineer precise and defined 
multi- cellular structures that could serve as tissue building blocks for further 
assembly into complex 3D tissue constructs for various biomedical applications.  
To provide a background for these studies, a literature review is presented in 
the next chapter, with emphasis on liver tissue engineering and with specific details 
on the importance of 3D culture and the current technologies employed to culture 
cells in 3D. The chapter will end with a summary on the limitations of current 3D cell 
culture strategies, which lead to the four specific aims of this thesis, presented in 
Chapter 3. The results and discussion of the four specific aims are presented 
respectively in Chapter 4- 7. Chapter 8 concludes the major findings of the studies 













BACKGROUND AND SIGNIFICANCE 
2.1 Liver tissue engineering  
Tissue or organ damage and failure by disease or trauma are serious problems 
faced in clinical fields. For small tissue damage such as tiny portion of skin loss or 
earlier stage of liver fibrosis, the tissue or organ has the capacity to regenerate by 
itself. In the case of serious organ damage such as loss of integrity of large portions of 
the skin or liver and kidney failure, the only effective way is to conduct organ 
transplantation. So far, organ transplantations have been successfully applied in heart, 
liver, and kidney to extend patients’ life for years. However, the amount of available 
donor organ cannot meet the huge number of patients’ needs for organ transplantation. 
[34]. Apart from the shortage of donor organ, the patients will need supplementary 
long- term and massive drug administration to maintain and protect the functions of 
the transplanted organ from immune rejections [35]. Patients have to face a relative 
high mortality after organ transplantation. The shortage of donor tissue or organ and 
limitations of organ transplantations encourage researchers to find alternative ways to 
meet the clinical needs.  
Tissue engineering is a multi- disciplinary field that aims to fabricate tissue 
constructs to meet the demands of tissue or organ transplantation. The multi- 
disciplinary work need the involvement of experts in engineering, material and cell 
biology [36, 37]. Tissue engineering have been widely involved in every parts of 
human body including myocardial [38], liver [39], lung [40], kidney [41], pancreas 
[42], bone [43], muscles [44], skin [45] and blood vessel [46].  
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In classic tissue engineering, engineering tissue constructs is usually 
conducted with scaffold approaches. Cells are seeded onto scaffolds, which normally 
provide cells physical, biochemical and mechanical cues for cell proliferation and 
function. When the cells and scaffolds were cultured in a bioreactor for a certain 
period of time, mature cell- matrix constructs would be ready for transplantation to 
replace the damaged organ/ tissue [47].  
Cell source is another major problem in the area of organ transplantation. 
Single cells are the basic cellular unit in tissue engineering. The cells can be cell lines, 
mature cells or immature cells such as embryonic stem cells [48]. The cells can be 
also classified into autologous cells from the patient, allergenic cells from a human 
donor, or xenogeneic cells from other species. Among these cell sources, human stem 
cells take the capacity to differentiate into almost all cell types and could be a possible 
cell source for almost any tissue engineering field.  
Apart from the challenge in cell source, other challenges come from finding 
suitable biomaterials for scaffolds and exploration of engineering approaches for 
tissue construction [49]. Materials usually need to meet the requirements on 
biocompatibility, mechanical strength and biodegradation profile [50]. 
Biocompatibility of the materials can be met by adopting nontoxic materials such as 
titanium [51, 52], silicon [53], polymers [54], or glass[55] and other substances. 
Mechanical strength varies sharply in different tissue engineering fields. For hard 
tissues like bone, ceramics [56] and metals [57] may be good material candidates; 
while for soft tissue like liver, hydrogel would be more desirable [58]. For prolong 
usage in human body, the material needs to be biodegradable in vivo. There remains a 
challenge in the tissue engineering field to develop engineering approaches that can 
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mimic the natural tissue configuration of the in fabrication of complex and 
sophisticated tissue or organs such as liver and lung [59].  
Liver tissue engineering using hepatic cell culture in the scaffolds started more 
than 30 years ago and progressed relatively slow. This is because liver is such a 
complicated organ with complex tissue structure and composing of many cell 
types[60]. Compared with other simple tissue engineering fields such as skin or 
cartilage, liver tissue engineering is still far away from fabrication of hepatic tissue 
constructs that can mimic natural tissue configurations while maintaining similar 
tissue phenotypes. Liver is the major detoxification organ in human body; hence great 
emphasis has been placed on liver tissue engineering and related drug testing 
application. Nowadays, liver tissue engineering is focused on cell based therapies 
such as designing bioartificial liver assisted devices (BLAD) to bridge organ 
transplantation or exploration of engineering approaches for preliminary study [61]. 
2.2 Liver physiology  
Liver is the largest inner organ in human body and located in the upper right- 
hand portion of the abdominal cavity. The normal liver in adults weighs about 1.5 kg 
or approximately 2.5 % of the body weight. The liver is composed with a larger right 
lobe and a smaller left lobe, each of which is made of thousands of hexagonal shaped 
and functional structures, i.e. liver lobule. Liver lobule consists of many cell types 
such as hepatocytes, sinusoidal endothelial cells, kupffer cells, stellate cells, and ito 
cells [60]. Among the cell types, hepatocytes are the most functional cell type in the 
liver lobule and take more than 70 % of liver mass in an adult liver. Hepatocytes are 
laid as radiating rows in a liver lobule and are separated by small blood vessels called 
sinusoids. The sinusoids cells are highly fenestrated and function as molecular sieve 
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plates to regulate passage of large substances through the endothelium. The 
hepatocytes receive oxygen and nutrients supply and secrete metabolic wastes through 
the sinusoids. As hepatocytes take most of the functions of the liver lobule, it is 
natural that hepatocytes are thus used as the basic cell type for hepatic cell based 
study.  
Liver performs many vital functions, (i) regulation, synthesis, and secretion of 
glucose, proteins, bile and lipids; (ii) storage of glucose, vitamins, minerals; (iii) 
purification, transformation and clearance of harmful substance such as ammonia, 
bilirubin, hormones, drugs and toxins. Among the various functions, secretion and 
detoxification functions are the most crucial functions needed for applications. The 
secretion ability of liver cells is usually indicated with albumin secretion. Albumin, 
produced only in the liver, is the major plasma protein that circulates in the 
bloodstream. Albumin is essential for maintaining the oncotic pressure in the vascular 
system and also very important in the transportation of many substances such as drugs, 
lipids, hormones, and toxins. The detoxification functions are conducted with a Phase 
I and II mechanism. Phase I biotransformation is an oxidative pathway by which the 
compounds are oxidized by hepatocyte enzymes into more polar and soluble 
substances. Two groups of enzymes, i.e. cytochrome P-450 depending 
monooxygenases and flavin monooxygenases usually play major roles in Phase I 
biotransformation. P-450 activity is normally used as the indicator of Phase I enzymes 
activities. Phase I biotransformation is further followed with the Phase II reaction, by 
which metabolites are further conjugated with endogenous molecules into more 
soluble derivatives by glucuonidation, sulfation, methylation, acetylation and 
mercapture formation for clearance from the liver organ [62, 63]. 
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2.3 Mammalian cellular membrane and its lipid domains 
The cell represents the fundamental unit of living matter. Every living being, 
with the exception of viruses, is made of cells. The simplest such beings consist of 
only a single cell, like bacteria and protozoa. But most living beings contain a very 
large number of cells. The dimensions, shapes, and structure of cell are extremely 
varied, since they play very different roles in an organism [64-66].  
Cells are enclosed by a cell membrane that encapsulates all the intra- cellular 
components, organelles, of the cell which carry out metabolic chemical processes for 
growth and replication. The cell membrane provides the mean for cells to separate 
their external environment from their internal environment. The cell membrane acts as 
only a passive barrier for diffusion and permeability and also play an active role in 
chemical transport, energy transduction, and information transfer to and from the cells 
[67]. 
2.3.1 Overview of cellular membrane 
The term ‘plasma membrane’ derives from the German Plasmamembran, was 
used to describe the firm film that forms when the proteinaceous sap of an injured cell 
comes into contact with water (Karl Wilhelm Nägeli (1817-1891) [66]. Previously, 
much knowledge concerning membrane structure and function were derived from 
studies of red blood cells [68-71]. In 1925, Gorder and Grendel [68], two Dutch 
biochemists, extracted lipids from human erythrocyte membranes and placed them in 
a water trough. These lipids formed a mono layer at the air- water interface, with their 
hydrocarbon tails facing the air and polar head groups in the water. When the 
phospholipids were compressed with a movable barrier, the surface area covered by 
the phospholipids was twice the surface area of the erythrocyte membranes from 
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which they were extracted. Together with data estimated by light microscopy for 
surface area of red cells, they concluded that the chromocytes were covered by a layer 
of fatty substances that is two molecules thick.  
In 1935, H. A. Davson and J. F. Danielli [72-74] proposed that biologic 
membranes were made up of lipid bilayers containing proteins, which is known as the 
Davson- Danielli paucimolecular membrane. In their description, a membrane is 
composed of a bimolecular lipid leaflet with adhering proteins films on the inner and 
outer surfaces. They visualized the protein as being attached to only the periphery of 
the membrane by association with the polar head groups of the phospholipids.  
However, Davson-Danielli model could not account for numerous properties 
of membrane proteins without doubt. In 1972, Singer and Nicholson created a fluid 
mosaic model [74]. The basic principles of this model were that membrane proteins 
could be globular. The globular membrane proteins were embedded within the bilayer, 
with the hydrophobic portions of the proteins buried within the hydrophobic core of 
the lipid bilayer and hydrophilic portions of the protein exposed to the aqueous 
environment. It suggested that the lipids form a 2D viscous solvent into which 
proteins were inserted and integrated more or less deeply.  
Cell membranes studied by electron microscopy and X- ray diffraction[1] 
indicate that the cell membrane structure is a bilayer, 80-100 Å in thickness, with < 50 
Å of this due to the lipid bilayer and the remainder due to other molecules. The latter 
comprises the glycolipids and glycol proteins extending from the exofacial side and 
the cytoskeleton extending from the cytofacial side of the plasma membrane. Proteins 
and enzymes are molecularly associated with the lipid bilayers in very unique manner 
and every type of membrane has a unique set of proteins and enzymes to account for 
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its function. The proteins on or in the lipid bilayers allow the membrane to carry out 
transmembrane reactions such as chemical transport, energy transfer and signal 
transduction (Figure 1). 
Non polar, non charged molecules can cross these cell membranes fairly 
readily by diffusion mechanism. This permits oxygen to enter cells and carbon 
dioxide to leave cells, and permits some very lipid- soluble substances to cross easily 
into cells, passing directly through the bilayer. The situation is more complex with 
ions or polar molecules. Since the basic structure of the plasma membrane is the 
phospholipid bilayer, it is impermeable to most water soluble molecules. This bilayer 
acts as a barrier to the diffusion of ions or charged molecules. The passage of ions and 
most biological membrane permeable molecules across the plasma is therefore 
mediated by proteins, which are responsible for selective traffic of molecules into and 
out of the cells [65]. These particles pass into or out of cells through protein molecules 
which span the lipid bilayer in the form of bridges, tunnels, or ferries permit to access 
across the cellular membrane.  
 




Eukaryotic cells are also able to take up macromolecules and particles from 
the surrounding medium by a distinct process called endocytosis. In endocytosis, the 
material to be internalized is surrounded by an area of plasma membrane, which then 
buds off inside the cell to form a vesicle containing the ingested material. The term 
‘endocytosis’ was coined by Christian deDuve in 1963 to include both the ingestion 
of large particles (such as bacteria) and the uptake of fluids or macromolecules in 
small vesicles. The former of these activities is known as phagocytosis (cell eating) 
and the latter as pinocytosis (cell drinking) [65]. 
2.3.2 Lipid domain and its charge 
Lipids constitute approximately 50% of the mass of most cell membranes, 
although this proportion varies depending on the type of membrane. Mammalian 
plasma membranes are complex, containing four major phospholipids: 
phosphatidylcholine, phosphatidylserine, phosphatidylethanolamine, and 
sphingomyelin, which together constitute 50 to 60% of total membrane lipid. Other 
phospholipids, phosphatidylinositol and phosphatidylglycerols, in a quantitatively 
minor amount, are also localized in plasma membrane. In addition to the 
phospholipids, the plasma membranes of mammalian cells contain glycolipids and 
cholesterol. The glycolipids are found exclusively in the outer (exofacial) leaflet of 
the plasma membrane, with their carbohydrate portions exposed on the cell surface. 
They are relatively minor membrane components, constituting only about 2% of the 
lipids of most plasma membranes. Cholesterol, on the other hand, is a major 
membrane constituent of animal cells, the molar ratio of cholesterol/phospholipids 
normally ranges from 0.4-1.0 [75]. 
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The chemical structure of the polar head group of these phospholipids 
determines what charge the phospholipids as a whole may carry. Phosphatidylcholine 
at physiological pH value carries a full negative charge on the phosphate and a full 
positive charge on the quaternary ammonium. It exists as a zwitterionic which is 


































Figure 2. Structure of phospholipids at neutral pH. R and R’ represent for fatty acid 
chains. The length of the commonly found fatty acids varies from as few as 12 
carbons to as many as 26 carbons. The number of double bonds per fatty acid 
commonly ranges from one to as many as six. The distribution of fatty acids in 
membrane phospholipids is peculiar to the class of phospholipid and the membrane 
type (Yeagle, 1993 [1] ). 
Phosphatidylethanolamine carries a positive charge on the amine, as well as 
negative charge on the phosphate. Phosphatidylserine contains a negatively charge 
phosphate, a positively charged amino group and a negatively charged carboxyl. 
Therefore, this lipid exhibits an overall negative charge at neutral pH. The group of 
negatively charged lipids includes phosphatidylglycerols and phosphatidylinositol. 
These phospholipids carry a negative charge, because the sugar carries no positive 
charge to balance the negative charge of the phosphate. Diphosphatidylglycerol 
normally carries two negative charges, because of its two phosphates. Those charges 
are held at the surface by the organization of the membrane lipid bilayer, which 
becomes important in determining the surface charge of the membrane [34, 35, 76-78]. 
 13 
 
2.4 Dendrimers in bioengineering 
Dendrimers constitute a unique class of polymers that are distinguished from 
all other synthetic macromolecules by their globular shapes resulting from their 
perfectly branched architecture and their monodisperse nature [36, 38, 79].  In recent 
years, dendrimers have attracted increasing attention in biomedical applications [37, 
80, 81], especially as transfection agents for DNA transfer into eukaryotic cells [82-
84], as contrast agents for magnetic resonance imaging (MRI) [85-87], in boron 
neutron capture therapy (BNCT) for cancer treatment [88, 89], and as selective drug 
delivery vehicles [90-93].  
2.4.1 Chemistry and Synthesis of multivalent dendrimer molecule 
Dendrimer is a polymeric molecule composed of multiple perfectly branched 
monomers that emanate radially from a central core, reminiscent of a tree, hence 
dendrimers derive their name (Greek, dendron, meaning tree or branch, and meros, 
meaning part). Despite their large molecular size, dendrimers have well- defined 
structure, with a low polydispersity compared with traditional synthetic multivalent 
polymers including hyperbranched or comb- burst polymers, and hybrid dendritic–
linear and dendronized polymers [47].  
Dendrimers exist as a special class of hyper- branched polymers with defined 
molecular structures such as a central core, a building block, and a defined number of 
functional chain ends (Figure 3A).  The size, molecular weight, and chemical 
functionality of dendrimers can be easily controlled through the synthetic methods 




In the step- wise divergent approach, the dendrimer is synthesized in a step- 
wise manner starting from the core and building up generation by generation. This is 
achieved via conjugation of monomers onto the molecule and transformation of the 
monomer end- groups to create new reactive surface functionality to react with new 
monomers [3]. Figure 3B illustrates an example of divergent dendimer synthesis. The 
poly (propyleneimine) dendrimers is composed of polyalkylamine backbone. The 
synthesis consists of double alkylation of the end- group amines with acrylonitrile by 
“Michael addition” resulting in a branched alkyl chain. The terminal CN groups were 
reduced to yield new set of primary amines, which may then be double alkylated to 
provide further branching [97]. The divergent approach is a fast and effective method 
to synthesis highly symmetrical dendrimer molecules. Recently, heterogeneously 
functionalized dendrimers were synthesized via the divergent approach. This method 
can potentially be used to functionalize conventional dendrimers as scaffolds with 
different molecular functions for various biomedical applications in the field of tissue 
engineering [98, 99].  
The alternative convergent approach starts from the surface and ends up 
towards the core, where the dendrimer segments are coupled together. This strategy 
was first introduced by Hawker and Frechet’ group in the synthesis of poly- benzyl 
ether containing dendrimer [100, 101]. Unlike the divergent approach, the convergent 
strategy can be used to synthesize asymmetrical dendrimers. Dendrimers bearing 
different morphologies can be created by conjugating different segments in a coupling 
reaction. Convergent built up of dendrimers can be achieved via a non- covalent 
manner using hydrogen bonding[102, 103] or metal complex bonding [104, 105] or 
using covalent manner [106], whereby the dendrons can interact with each other and 
assembly into a well- defined macromolecule. In recent years, the convergent 
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approach was widely utilized in the chemical synthesis of high molecular weight 
poly- peptide and proteins [107] and for various biological application including drug 
delivery and synthesis of tumour targeting supramolecular drugs [108]. Figure 3C 
illustrates the formation of a supramolecular drug using convergent approach to bind a 
drug- bearing dendrimer to the targeting motif via hydrogen bonding between single 
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Figure 3. Multivalent dendrimers. (A) Scheme representation of dendrimer, 
composed with inner core ( ) , building block ( ), and end chains ( )(Adapted from 
Frechet, 2003 [2]). (B) Schematic of divergent synthesis of poly(propylene imine) 
dendrimer via “Michael addition” reaction [3]. C) Schematic of convergent synthesis 
of supramolecular drug via DNA annealing approach. [4]. 
In both of these approaches, a branch point is inserted in the dendrimeric 
structure at each monomer unit leading to a well defined macromolecule. The 
synthesis procedures are usually conducted in an iterative pattern with the 
dendrimeric molecule gradually increasing in the molecular size and multiplied the 




A number of identical fragments called dendrons are remained after the 
removal of the central core. The number of dendrons depends on the multiplicity of 
the central core (2, 3, 4 or more). A dendron can be divided into three different 
regions: the core, the interior (or branches) and the periphery (or end groups). The 
number of branch points encountered upon moving outward from the core of the 
dendron to its periphery defines its generation (G-1, G-2, G-3); dendrimers of higher 
generations are larger, more branched and have more end groups at their periphery 
than dendrimers of lower generation. Over 50 compositionally different families of 
these nanoscale macromolecules, with over 200 end- group modification, have been 
reported, their chemical and physical properties as well as their solution behaviors 
have been studied and well characterized [36, 95]. The dendrimer design can be based 
on a large variety of linkages, such as polyamines (PPI dendrimers) [83], a mix of 
polyamides and amines (PAMAM dendrimers) [80] and more recent designs based on 
carbohydrate [84] or calixarene core structure [87], or containing ‘third period’ 
elements like silicon or phosphorus [109]. 
The most exploited property of dendrimers is their multivalency with a high 
number of potential reactive sites. Unlike in linear polymers, as dendrimer molecular 
weight and generation increase, the terminal units become more closely packed which 
exploited by many investigators as a means to achieve concentrated payloads of drugs 
or spectroscopic labels for therapeutic and imaging applications [110]. In addition, the 
shape of the dendrimer molecule in solution is dynamic and 3D. It is generally 
accepted that higher generation dendrimers are roughly spherical in molecular 
structure [40]. These features make dendrimer perfectly suitable molecules to achieve 




2.4.2 Biological applications of multivalent dendrimer 
The use of dendrimers as frameworks and as carrier systems for the study and 
modulation of biological processes is gaining popularity. Multivalent interactions in 
biological systems involve simultaneous binding of multiple ligands on one biological 
entity to multiple receptors on another entity. Multivalent interactions demonstrate 
many distinct advantages than monovalent interaction on binding affinity, ligand- 
receptor reactivity, and possibility of utilizing low affinity ligands in a new 
arrangement to enhance binding effect [92].  
Multivalent interactions have been found in viral and bacterial infections, 
human immunity, cell- cell interactions, and cell- matrix interactions [93, 112]. With 
the presence of multivalent receptor sites on the antibody proteins, human immunity 
are easily realized by multivalent binding of the antibodies receptors to antigens, 
bacteria, viruses, parasites, drugs, cells, or other structures. Tumour cells can interact 
with endothelial cells through multivalent interactions between β1,4- 
galactosyltransferase (GalTase) and N- acetylglucosamine (GlcNAc) [113]. Similarly, 
multivalent interactions also play an important role in cell- matrix interaction as many 
ECM adhesion components are multi- meric proteins, which present multiple sites for 
interactions with cells which also take many different types of cell surface receptors. 
Regulation of the multivalent presence on substrata has been found to control the cell 
motility by varying the surface density of ECM proteins or anti- integrin antibodies on 
substrate [114, 115]. 
Multivalent dendrimers can be classified into several classes such as poly 
(propylene imine) (DAB) dendrimers [116], poly(amidoamine) (PAMAM) 
dendrimers [117], peptide dendrimers [118], and glycodendrimers [45]. PAMAM and 
DAB dendrimers (Figure 4A) contain multiple primary amine groups which can be 
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easily modified to react with other reactive functional groups. Both of these 
dendrimers have been widely used in biological study. PAMAM dendrimers [119-122] 
have been used as DNA delivery systems due to their ability to form compact 
polycations under physiological conditions. The cationic charges on the surface of the 
dendrimers allow binding with negatively charged nucleic acids, resulted in 
submicrometer- sized water soluble particles. These dendrimers are able to cross cell 
barriers at sufficient rates [123, 124] to act as potential DNA transporting agents, 
enabling efficient transfection of a variety of established cell lines as well as primary 
cells [125].  
Peptide dendrimer (Figure 4B) is another class of widely used dendrimers 
[126]. Peptide dendrimers have potential applications as protein mimics, antiviral and 
anticancer agents, vaccines, drug and gene delivery systems. Amino acids are 
appealing dendrimer building blocks because peptide- coupling techniques including 
solid- phase synthesis can be used. Generally, the peptide dendrimers are more 
soluble in water, more stable to proteolysis, and less toxic to human cells than their 




































































































































































































































































































































































































Figure 4. Structures of multivalent dendrimers which were widely used for various 
biological applications: (A) Second- generation PAMAM dendrimer (left) and third- 
generation poly(propylene imine) (DAB) dendrimer (right) containing multiple 
primary amine end groups (Adapted from Frechet, 2003 [2]); (B) Boc- protected 
poly(L-lysine) peptide dendrimers (Adapted from Love, 2004 [5] ). (C) Lactosylated 
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PAMAM dendrimer (Adapted from Andre, 1999 [6]). The end groups and backbone 
structure of these dendrimers can be modified and coupled to other biological agents. 
Glycodendrimer (Figure 4C) is a class of dendrimers that incorporate 
carbohydrates into their structures [45, 109, 127]. Glycodendrimers are favoured for a 
variety of biologically relevant applications due to their low polydispersity property. 
Most notably, they have been used to study the protein- carbohydrate interactions that 
are implicated in many inter- cellular recognition events. Glycodendrimers are also 
being incorporated into analytical devices [128], formulation of gels [50], targeting 
MRI contrast agents [52] and drug and gene delivery systems.  
Multivalent dendrimers show great promise as drug delivery system due to 
their ability to increase the selectivity and stability of therapeutic agents. Majority of 
dendrimer designs have been used as carriers for drugs, however some dendrimers 
can also act as drugs themselves by stimulating the removal of prion proteins present 
in infected cells [53]. By attaching a drug to a suitable carrier, it is possible to enhance 
its aqueous solubility, increase its circulation half-life, target drug to certain tissues, 
and improve drug transit across biological barriers and slow drug metabolism [123, 
129, 130].  
2.4.3 Cytotoxicity of dendrimers 
Cationic dendrimers with terminal primary amino groups, such as PAMAM 
and polypropylenimide (PPI) dendrimers display concentration- dependent toxicity 
and hemolysis [131-133], whereas dendrimers containing only neutral or anionic 
components have been show to be much less toxic and less hemolysis [56, 131, 134-
136]. The toxicity of cationic PAMAM dendrimers increases with each generation 
[131-133] but cationic PPI dendrimers do not follow this trend closely. Molecular 
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modeling and experimental data revealed that DAB 4 (G1) is more toxic than DAB 8 
(G2) but they both combine a sufficient level of DNA binding with low level of 
cytotoxicity to give their optimum in vitro gene transfer activity [137]. The 
mechanism of cell death for cationic dendrimers is due to necrosis and, or apoptosis 
of the cells, though not precisely determined for all dendrimer types and cell lines 
[138, 139]. Toxicity and biological profile of a dendrimer- based delivery system 
which are modified to present certain groups or drugs are likely to be different from 
that of an unmodified dendrimer [132]. 
2.5 Cell surface engineering 
In recent years, the relationship between chemistry and biology has been 
closely integrated. The ability to modify cellular membrane both in vitro and in vivo 
by chemical approach has led to the development of the rapidly expanding field – cell 
surface engineering. 
The cell surface is a lipid membrane with a unique bi- layer structure. The 
lipid membrane is composed with many biological molecules including protein, 
carbohydrates, lipids and composite molecules. Lipids molecules can be further 
classified into phospholipids, glycolipids, and steroids. The heterogeneity of the 
chemical components on cell surface membrane thus provides cell surface engineers a 
unique platform to introduce non- native chemical species.  
The challenge in cell surface engineering is to find ways to conduct chemical 
modification and avoid undesirable changes in cell behaviour. Currently, a few 
strategies have been successfully developed to introduce non- native groups without 
affecting cell machinery. These strategies include: (i) insertion of molecules into cell 
membrane surface, (ii) reactions using exogenous enzymes, (iii) inhibition of 
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biosynthetic pathways, (iv) metabolic engineering, and (v) covalent ligation to cell 
surface chemical groups.  
2.5.1 Insertion of molecules onto cell membrane surface 
The lipophilic nature of mammalian cell surface has been exploited by a 
number of research groups in order to display bioactive molecules, both naturally 
occurring and synthetic, on the cell surface. To achieve this insertion, a fatty moiety is 
attached to the biomolecule of interests and, when applied to the cell, the fatty moiety 
incorporates into the membrane, leaving the biomolecules exposed on the cell surface. 
Two main classes of compound, namely glycosylphosphatidylinositol (GPI)- 
anchored proteins and cholesterol- tethered compounds have been used for this 
strategy.  
GPI- anchored proteins are post translationally added structures that attach a 
subset of cell surface proteins to the plasma membrane [140, 141]. They anchor a 
wide range of functionally diverse proteins to eukaryotic cells and operate 
ubiquitously irrespective of the extracellular structural properties of the attached 
proteins. A unique feature of GPI- anchored proteins is that following their extraction 
from cells, they are able to reintegrate into plasma membranes when added to other 
cells [142] with their full biological functionality. It was initially hypothesized that 
GPI- anchored proteins are diffusely expressed on cell surface membranes and that 
their activities are limited to the cell exterior. Today, substantial data [6, 143, 144]  
have indicated that in many cell types, GPI- anchored proteins are localized as rafts 
domain and under certain conditions, they are able to participate in intra- cellular 
signaling [145] and possibly in cell differentiation [146].  
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An alternative method to the use of GPI anchors is the transfer of cholesterol- 
tethered molecules onto the lipid bilayer and further developed into a tool for drug 
and gene delivery system. This method can potentially be used to anchor any 
biomolecules of interest onto the cellular membrane. Peterson et al. [147-149] have 
shown that cholesterol conjugated molecules are useful in delivery of non- native cell 
surface receptors. These receptors are thought to be located as rafts domains on the 
plasma membrane which is rich in cholesterol level. 
2.5.2 Reaction using exogenous enzymes 
Enzymes are widely employed in the formation of glycosidic bonds, 
particularly in carbohydrate chemistry. Such reactions can be performed on the cell 
surface, utilizing the existing surface glycoforms as acceptors for reactions with an 
exogenously applied glycosyltransferase and appropriate activated sugar donor. Cell 
surface glycoforms can be remodeled via the use of glycosyltransferases and their 
sugar nucleotide substrates. Brossmer and coworkers [150] decorated cells with 9- 
azido and 9- amino sialic acid analogs by first removing natural sialic acids 
enzymatically, followed by reinstalling the unnatural analogs with a sialyltranserase 
and the corresponding synthetic cytidine 5'-monophosphate (CMP)- sialic acid 
derivatives. In other study, Hindsgaul and coworkers [151] demonstrated that 
fucosyltransferase could transfer fucose analogs with C6 substituents of enormous 
size and complexity onto cell surface glycoforms. Sialyltransferases have also been 
used for the chemical engineering of cell surfaces. A complex epitope of any type 
could be delivered to cells in a single enzymatic step.  
Exogenous galactose oxidase is able to oxidize terminal galactosyl and N-
acetylgalactosaminyl residues to display unnatural aldehydes on cell surfaces. 
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However, these sugars are often the penultimate residues in the surface glycoforms 
and are not easily recognized. In order to oxidize these sugars, the terminal 
monosaccharide residue must be cleaved and, since this is invariably sialic acid, 
neuraminidase treatment precedes the application of galactose oxidase [152]. 
2.5.3 Inhibition of biosynthetic pathways 
Glycosylation of proteins and lipids plays an important role in influencing the 
molecular complexity and functionality of the cell surface. Hence, inhibition of 
carbohydrate metabolism presents an alternative chemical strategy for engineering 
cell surface.  
Diverse complements of enzymes are required for a monosaccharide to be 
converted into an active sugar donor [153, 154]. This enables the inhibition of specific 
enzymes, which thereby makes it possible to subtly change the surface glycosylation. 
The development of potent and selective glycosylation inhibitors is of great interest 
for numerous therapeutic applications. Natural products have become the resources of 
some inhibitory molecules, such as carbohydrate mimetic alkaloids from plants and 
microorganisms [155]. Specifically designed synthetic drugs are important additions 
to those natural occurring inhibitors. Most inhibitors exert their effects by competing 
with the natural enzyme substrates, which can be sugar donor or acceptor species, and 
acting as transition state analogues of the enzyme- substrate complex or behaving as 
decoys for glycoside biosynthesis [156].  
2.5.4 Metabolic engineering 
An alternative strategy to modify the chemical functionality of the cell 
surfaces is through metabolic engineering. Cells were shown to take up and 
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metabolize unnatural synthetic precursor of cell surface moieties, resulting in the 
incorporation of the unnatural structures on the cell exterior. This is bacause certain 
enzymes involved in the biosynthesis of cell surface molecules are tolerant to a degree 
of structural variability [157].  
The best known example is the incorporation of unnatural sialic acid 
precursors onto cell surface glycoforms. This approach has been used on different cell 
types to alter the structure of sialic acids on cell surfaces, which has potential 
therapeutic applications [158-160] since sialic acids play a critical role in cell 
recognition and adhesion events [161]. Bertozzi and coworkers have used 
oligosaccharide pathways as vehicles to introduce novel chemical reactivity onto cell 
surfaces. They demonstrated that ManLev (an unnatural precursor to sialic acid that 
bears a ketone group) and ManNAz (an unnatural precursor to sialic acid that bears an 
azide) can be metabolically delivered to cell surface [162-164] of many different cell 
types with no adverse effects on cell viability. Cells treated with these compounds 
express the corresponding ketone- sialic acid or azide- sialic acid on cell surface 
glycoforms.  
2.5.5 Covalent ligation to cell surface chemical groups 
Covalent ligation is the last technique that enables the chemical modification 
of cell surfaces that we are going to discuss here. Although it is difficult to alter the 
behavior of living cells by labeling cells with available reactive probes via their 
exposed functional groups, it might be a viable technique in the area of tissue 
engineering, where implants are particularly susceptible to recognition and destruction 
by host immune cells [165, 166]. This technique would offer potential applications 
where non- specifically altering cell surface architecture is acceptable. No specificity 
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between cell surface functionalities with reactive molecules is the major drawback of 
this approach in some cases.  
Cell surface native chemical groups such as amines and thiols can act as 
reactive groups to covalently conjugate with other complementary functional group, 
which can be further ligated with other molecules of interest. To enable a more 
selective approach, the generation of unnatural reactive groups at specific sites on cell 
surface molecules has been developed. These reactive groups are not normally found 
on the cells surface, so they can be used to chemoselectively conjugate functionalized 
molecules. Two different types of chemical groups, reactive aldehydes and ketones, 
and azides are the focus of current research, the former can selectively reacted with 
hydrazide, aminooxy or thiosemicarbazide functionalities [167] while the later can be 
ligated to a phosphine ligand by Staudinger ligation [168]. Aldehyde and ketone 
groups can be introduced onto the cell surface by metabolic engineering cell surface 
or covalent ligation to cell surface chemical groups. Another simple and effective 
method to generate aldehyde is through oxidation of cell surface sialic acid residues 
with sodium periodate [169]. This method is very rapid and it was found to be 
concentration dependent, selective for the vicinal diol present in sialic acid under mild 
condition [143, 170]. Although a relatively crude technique, it has been demonstrated 
that aldehyde groups can be incorporated into the cell surface of adherent cell 
monolayers by mild periodate oxidation which did not affect the viability, or 
morphology of the cells [171]. 
2.5.6 Application of surface engineered cells 
The processes governed by cell surface molecules are fundamental to many 
biological phenomena. The ability to decorate cell surfaces with various bioactive 
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molecules offers a multitude of opportunities for studying cellular adhesion, signal 
transduction and cell- cell recognition events, drug target delivery and cell- base 
therapy. Chemically engineered cell surfaces have shown to enhance specific 
interactions with drugs and drug delivery systems [144].  
Tumor cells could also be tagged by metabolic incorporation of unnatural 
sugar into the sialic acid molecules on the cell surface, which provided a strategy to 
specifically damage tumor cells [172]. Bertozzi and coworkers have made use of cell 
metabolic engineering to attach synthetic oligosaccharides functionalized with 
aminooxy, hydrazide, and thiosemicarbazide onto the endogenous cell- surface 
glycans, affording remodeled cells with novel receptor binding activities. It can 
further be applied in targeted gene delivery [144] and antitumor diagnostic [173].  
As cell- cell interaction and cell- matrix interaction are essential factors in the 
development or repair of tissue, there is considerable potential use of cell surface 
engineering as tool in this field. Blocking the cell- cell recognition sites that activate 
immune rejection of a foreign cell or tissue is one of major interest [174]. Biochemical 
engineering of sialic acid surface can be used to stimulate axonal growth in an attempt 
to salvage nerve damage. In this study, PC12 cells and cerebellar neurons showed a 
significant increase in neurite outgrowth after  incorporation of an unnatural sialic 
acids with a prolonged N-acyl side chain (e.g., N-propanoylneuraminic acid) into cell 
surface glycoconjugates via sialylation [126]. Cell surface engineering can also be 
used in presenting non- native functional groups onto the cell surface to aid in the 
formation of 3D cellular aggregates which can potentially be useful for various tissue 




2.6 Importance of 3D cellular culture 
In vivo, cells connect to one another and their surrounding ECM. The ECM 
acts as a support network that contains proteins such as collagen, elastin and laminin, 
which gives the tissues their mechanical properties and help to organise 
communication between cells embedded in the matrix. Receptors on the surface of the 
cells, e.g. integrins, anchor to the ECM can also determine how the cells interpret 
biochemical cues from the immediate surroundings [12, 175]. This complex 
mechanical and biochemical interplay is not reproduced when cells are cultured in 2D. 
2D cell cultures which are conveniently used for the maintenance of cells and 
biological studies, impose highly unnatural geometric and mechanical constraints on 
cells. Conversely, 3D cell cultures are able to re- establish cell- cell and cell- ECM 
interactions and can mimic real tissues better than conventional 2D cultures [12, 13]. 
For example, a 3D culture environment has been found to promote epithelial polarity 
and differentiation for breast epithelial cells, a phenomenon not observed when the 
cells are cultured in 2D [176]. Primary hepatocytes have been found to exhibit higher 
levels of differentiated functions, such as albumin synthesis, when cultured in 3D 
microenvironments, whereas they rapidly de- differentiate and lose their functions 
when cultured in 2D [177, 178]. Cancer cells switch from a mesenchymal (spindle- 
shaped cells) to an amoeboid (ellipsoid- shaped cells) motility pattern when cultured 
in 3D, an occurrence never observed in 2D [179]. Gene expression profiles of cells 
grown in 2D and 3D are also different, for instance the vascular smooth muscle cells 
grown in 2D and 3D differed for 99 genes. Microarray analysis of melanoma cells 
cultured as 3D spheroids reported an up- regulation of 106 genes and a down-
regulation of 73 genes as compared to 2D monolayer. In particular, a number of genes 
encoding for chemokines and pro- angiogenic factors, which are associated with 
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melanoma progression and metastasis, were up- regulated in 3D spheroids [180]. 
Generally, cells cultured in 3D maintain a gene expression profile that is closer to 
tissues in vivo [175], showing that 3D cell cultures better mirror the in vivo 
environment to yield relevant cellular responses. 
2.6.1 Approaches for engineering 3D cellular culture  
To grow cells in 3D, cells have to be supported in a structure that mimics the 
ECM in vivo. Classical 3D tissue engineering approaches involve the use of scaffolds 
like porous matrices for seeding cells [20] and hydrogels for encapsulating cells [20-
22]. Another approach is via the scaffold- free methods where cells are first 
assembled into cellular structures for the cells to secrete their own ECM and other 
environmental cues to support the structures. In vitro, cells have been grown into cell 
sheets as the basic building blocks that are stacked up into larger 3D tissue structures 
for various applications [19]. Aggregation of one or more cells to form multi- cellular 
aggregates or spheroids where cells are supported by other cells without the use of 
biomaterials is another 3D culture method that has found various applications [181]. 
The various strategies for 3D cell cultures are described below. 
2.6.1.1 Naturally formed 3D cellular culture  
3D cellular culture formation based on the cells’ natural aggregating ability is 
a relative mature technology in tissue engineering. 3D cellular culture is a compact 
structure of cells that have no distinct cell- cell boundaries and exhibit extensive ECM 




The formation can be achieved by: (i) attachment of cells onto an external 
substrate, (ii) suspension cell culture and (iii) hanging drop method. For 3D cell 
culture formation on substratum, various substrata can be adopted such as non- 
adherent agarose or Matrigel surfaces [186], positive charges surfaces [23, 24], 
poly(2- hydroxyethyl methacrylate) (poly- HEMA) coated surfaces, chitosan coated 
surfaces [187], thermo- responsive surfaces [26], ligand- coated surfaces [25], 
galactosylated surfaces [188] or surfaces with chemically conjugated mixed ligands 
such as fructose/galactose [189, 190] or RGD/galactose [190] etc. The cells on the 
substrate will migrate towards one another and aggregate, after which cell growth 
occurs and results in spheroid/ 3D cell culture formation and growth. However, in this 
method, cell- cell adhesion behaviour can be altered due to contact with the 
substratum [191]. All these substrata provide a mild adhesive surface for cell 
attachment, desirable for cells further assembling into 3D cellular monolayer or to 
produce spheroids for cancer studies [192], as well as primary hepatocytes spheroids 
for liver research [193]. 
3D cellular culture formation can also be achieved in many suspension 
systems. One commonly used suspension system is to adopt rotatory cell culture in 
multi- wells on orbital shakers [194]. Other rotational culture methods exist to 
produce spheroids on a larger scale, including the roller- tube, spinner flask and 
gyratory shaker methods. The constant rotation prevents the adherence of cells onto 
any substrate, hence encouraging cells to aggregate spontaneously to form spheroids 
[182, 191]. By adjusting the shaking speed, the cells can be suspended in the center of 
the dish for enhancement of cell- cell interaction to achieve 3D culture formation. 3D 
cellular culture can also be formed in spinner flask, which is reportedly useful for 
Chinese Hamster Ovary (CHO) cells [195], rat liver hepatocytes [196, 197] etc. One 
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way to improve 3D cellular culture formation in spinner flask is to add nanospheres 
into the culture system. The nanospheres were usually coated with cell adhesion 
proteins such as fibronectin or laminine, which help to promote the establishment of 
cell- cell interactions [198].  
3D cellular culture formation is assumed a dynamic process and is a result of 
cell- cell, cell- aggregates, and aggregates- aggregates collisions, and effective 
binding upon these contacts [199]. The rate of cell aggregation is thus dependent on 
collision rates and rate of effective cell binding. Rotational culture has certain 
disadvantage in that it may introduce shear forces which may alter cellular behavior 
[200, 201].  
On the substrates, cellular collision is dependent on the cell migration speed 
(motility), cell collision and cell adhesion. It has been observed that 3D cellular 
culture formation on substrata results from two forces, i.e. cell- cell interactions and 
cell- substrate interactions. Both of the two interactions coexist and compete with 
each other for cell spreading on substrate and inter- cellular assembly respectively. 
When the cell- cell adhesions predominate cell- substrate adhesions, cells reassembly 
with each other and finally form 3D cellular culture [202]. Otherwise, cells will be 
more likely spread into 2D monolayer structures. The cell motility is also an 
important determining factor for aggregates formation. The cell mobility was 
determined mainly by cells’ cytoskeleton activity, substrates adhesiveness, and 
resultant cell- surface interactions [203-205]. Increasing cell density on substrate or 
decreasing the substrate adhesiveness can increase either cell collision or cell mobility 
and thus enhance 3D cellular culture formation [187, 206]. The inter- cellular binding 
upon collision is determined by the concentration of available surface receptors on 
one species such as cell and their affinities for the ligands on the opposing collision 
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species [199]. Cells with greater amount of cell adhesion molecules such as E- 
cadherin form 3D culture system faster than those cell types with less cell adhesion 
molecules [207]. Serum in cell culture media can also affect 3D cellular culture 
formation as the serum containing proteins contribute to the formation of the cell 
surface adhesion clusters [208]. In addition, 3D cellular culture formation could also 
be enhanced by adding scaffolded receptors like lectins or antibodies [209]. The 
lectins or antibodies can bind to the surface of the cells and thus promote cell 
adhesiveness for 3D culture formation.  
3D cellular spheroid can be formed using the hanging drop method. This 
method was found to be compatible with a variety of cell types to create scaffold- free 
3D cultures [210, 211]. Single- cell suspensions were dispensed as ~ 20 µL drops onto 
a tray; upon inversion of the tray, hanging drops were held in place by surface tension 
and cells accumulate at the bottom of the drop to form tightly- packed spheroids after 
approximately 5 days [210]. This method is good for formation of uniform sized 3D 
cellular spheroids, but is only suitable for short- term culturing [182]. This method 
has been used to generate spheroids as a model for the study of tumour angiogenesis 
[212] and invasion potential [211]. 
2.6.1.2 Scaffold approaches 
The scaffold approaches is the most traditional approach in tissue engineering 
and more suitable to fabricate ECM abundant tissue constructs. Porous 3D scaffolds 
have been developed for various applications in tissue engineering field. These 
matrices display stochastic architectures that are fibrous, sponge- like, or organised 
architectures. Matrices with a fibrous structure are typically fabricated using an 
electrospinning process that can continuously generate nano fibres with diameters in 
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the micro- or nanoscale [213, 214]. The nanofiber scaffold can be adapted to 2D or 
3D profile by forming either monolayer or multilayers of nanofibers [215]. The 
multilayer nanofibers are more suitable for 3D tissue construction. Nanofiber 
scaffolds are usually made of typical biodegradable polymers to ease in vivo usage. 
The fibrous matrices have a high surface- to- volume ratio and a microscopic structure 
similar to the nano-scaled 3D fibre network of collagen and elastin in native ECM, 
but their small pores hinder cell migration [216]. So far, the nanofiber have been used 
to fabricate tissues of bone [217], cartilage [218], muscle [219], brain [220], and stem 
cells [221].  
Matrices with sponge- like structures are fabricated using freeze- drying and 
gas- foaming techniques [222], and have a porosity and surface- to- volume ratio that 
is similar to or lower than those of fibrous matrices, but their larger pores can 
significantly improve cell seeding and migration [222]. The porous structures are 
desirable to provide more surface area for cell attachment/ per unit weight and 
improve mass transfer for nutrient supply [223]. They have been widely adopted in 
tissue engineering to culture various cell types from cartilage [224], bone [225], liver 
[226] to nerve [227].  
Matrices with organised architectures are fabricated with fused deposition 
modeling (FDM), a technique that allows the design of various laydown patterns, pore 
sizes, and porosity [228]. These matrices provide good structural integrity and 
organisational backbone for culturing cells in 3D, especially in applications where 
mechanical support is desired, e.g., bone and cartilage tissue engineering [16, 229]. 
Hepatocytes cultured in porous matrices formed compact 3D spheroids and exhibited 
typical morphological features in the liver and long term tissue- specific functions 
such as albumin secretion and drug metabolism [230]. PLGA scaffolds have also been 
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used for 3D tumour- like tissue formation from various types of carcinoma cell with 
enhanced angiogenic capability and reduced sensitivity to chemotherapy [231]. 
Osteogenic and chondrogenic cells can grow, proliferate, distribute, and produce 
ECM in FDM fabricated poly- caprolactone (PCL) scaffolds [228].   
Hydrogel is 3D networks of hydrophilic polymers with high affinity for water 
but are prevented from dissolving due to their chemically or physically cross- linked 
network [232, 233]. The high water content of hydrogels makes them resemble the 
physical characteristics of soft tissues, making hydrogels suitable for biological 
applications [234]. Hydrogels can be derived from natural sources such as collagen, 
hyaluronic acid (HA), fibrin, alginate, agarose and chitin [21], which have low 
toxicity and high biocompatibility. Synthetic hydrogels are also available, including 
poly(hydroxymethyl methacrylate) (PHEMA), poly(ethylene glycol) (PEG) and 
poly(vinyl alcohol) (PVA) [232], with PEG being the most commonly used. For 3D 
cell encapsulation, cells are suspended in liquid hydrogels, and gelation is triggered 
using external stimuli such as changes in physical (e.g. temperature) or chemical 
conditions (e.g. ionic strength) [235]. Hydrogel is known with a high permeability for 
nutrients supply and toxin removal, good biocompatibility and ease of surface 
modification by peptide and growth factors. These advantages make hydrogels very 
attractive materials for construction of 3D in vitro cell culture systems such as liver 
[236], bladder [232, 237], and smooth muscles [238] etc. Hydrogels can also be used 
for assembling living cells into 3D structures, where cells are deposited and allowed 
to fuse spontaneously [239]. Mironov et. al have demonstrated the assembly of cell 
aggregates and embryonic heart mesenchymal fragments resulted in fusion of the cells 
into a tube- like structure when placed in a 3D collagen or thermosensitive gel [240]. 
Despite the wide use of hydrogels for medical, pharmaceutical, and prosthetic 
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applications, the lack in mechanical toughness makes hydrogels difficult to handle 
and might be less suitable for certain clinical applications [241].  
To conclude, the use of scaffold for engineering 3D cell culture involve a large 
amount of biomaterials which would be more suitable to mimic the natural tissue or 
organ composed with a lot of ECM for functioning. While for ECM- poor organs such 
as liver or lung, too much scaffold composition in engineered tissue constructs would 
not able to mimic inner tissue or organs like liver or lung. In such a case, approaches 
using less or no scaffolds would be more desirable for preparation of cell- dense tissue 
constructs. 
2.6.1.3 3D microfluidic cell culture systems 
Microfluidic systems can be used for the fabrication of micro- scale 3D cell 
culture and tissue structures [242-244]. Cells are seeded into the microchannel and 
pumped with nutrients and oxygen in a laminar flow to resemble physiological 
condition. Layer- by- layer patterning of the cells into microfluidics can help to build 
a 3D tissue constructs of several cell types [245]. Integration of several cell types in 
microfluidics system can help to setup animal models on a chip, with each cell type 
representing a typical organ or tissue for usage [246].  
The presence of fluid flow in the microfluidic system creates shear stress, 
which can adversely affect the cell culture within the chip [247]. To culture cells in 
3D in microfluidic systems, the cells must be mechanically supported to withstand 
fluid perfusion. A common strategy is to encapsulate cells 3D in hydrogels [244, 248]. 
Cells are first suspended in liquid hydrogels, flowed into the microfluidic system and 
then encapsulated 3D when gelation sets in. It is technically challenging in confining 
cell- encapsulating hydrogels in the microfluidic network without impeding the fluid 
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flow. Methods like micropatterning [242, 249] and hydrodynamic focusing [250-252] 
were employed for localization of the hydrogels within the microfluidic channel in 
order to allow smooth and effective fluid perfusion.  
In other cases, the space created by the contraction of the cell- laden hydrogel 
upon its gelation to allow for the perfusion of culture medium [253]. One shortcoming 
of encapsulation of cells in hydrogels for 3D extra- cellular support is that the cells 
are sparsely located and lack cell- cell interactions, making this method unsuitable for 
engineering cell- dense constructs. 
2.6.1.4 Scaffold- free approaches 
Although scaffolds like porous matrices and hydrogels offer unique clinical 
opportunities in tissue engineering strategies that require a strict structural support, 
shape- supporting matrices could be less- suited for the engineering of cell- dense and 
ECM- poor tissues of the internal organs, e.g. liver, pancreas, or even tumour models 
[28, 181]. Therefore engineering tissue constructs with minimal biomaterials and even 
as scaffold- free cellular constructs would be important to recapitulate the complex 
structure- functional relationship in these tissues. Three scaffold- free strategies, 
namely the cell sheet assembly, organ printing and novel inter- cellular linker 
approaches, for 3D cell culture are described below.  
Cell sheet assembly  
3D tissue structures have been engineered by the layer- by- layer assembly of 
cell sheets [19]. Confluent cell layers cultured on temperature responsive culture 
surfaces grafted with poly(N- iso- propylacrylamide) (PNiPAAm) were released as 
cell sheets by lowering the temperature to hydrate the grafted polymer. Various 
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tissues and organs have been constructed with cell sheets using different methods. In 
the cases of skin [254], corneal epithelium [255], urothelium [256], and periodontal 
ligament [257], single cell sheets can be transplanted directly to host tissues using 2D 
manipulation. Multiple sheets of cells can also be layered to create an in vitro tissue 
construct. With homotypic layering of cell sheets, 3D structures such as cardiac 
muscle can be created [258, 259]. Finally, using heterotypic stratification, laminar 
structures such as kidney glomeruli and liver lobules [260] can be constructed [19].  
The cell sheets technology can overcome most shortcomings of the traditional 
scaffold approach and can even engineer complex 2D features of the cell- dense and 
ECM- poor tissues. However, tissue constructs fabricated by cell sheets technology is 
highly dependent on cells’ natural aggregation ability that is time consuming and 
precision connections of the cell sheets into complex 3D features remain impractical 
[261] 
Organ printing 
Organ printing makes use of rapid prototyping technology to fabricate tissue 
constructs with a bio- printer controlled by a computer [239]. Single cells can be 
precisely deposited onto a bio- paper in a predefined structures and the cells on the 
bio- paper will eventually reassembly and fuse together into tissue structures [262, 
263]. The printed cell sheets can be potentially used for skin, corneal, tracheal, and 
cardiac patches [264] etc. The organ printing technology offers several advantages in 
the ability to precisely aligning the cells in the formation of defined cellular structure 
(Jakab et al., 2004b) and 3D positioning of cells in a layer- by- layer manner has been 
demonstrated to be a useful way to fabricate 3D hollow cellular tube [240]. This 
technology can potentially be used to fabricate complex organ like liver or heart in the 
future to replace damaged or injured human tissues and organs. 
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Synthetic inter- cellular linker approaches  
Relying on the cells’ natural ability to aggregate and form spheroids using the 
above methods require a long cultivation time, ranging from a few days to weeks. 
Another way to make cell- dense and scaffold- free tissue structure is to adopt inter- 
cellular linker approach by crosslinking surface engineered cells into multi- cellular 
structures through chemical reactions. This technology is highly dependent on cell 
surface engineering to introduce the functional groups onto cell surface with negligent 
harmfulness to cell viability. Thus, using reactive inter- cellular linker for the 
introduced functional groups on cell surface, multi-cellular structures can be 
fabricated successfully in a more rapid manner.  
Adoption of inter- cellular linker approach to engineer multi- cellular 
structures was firstly proposed by De Bank et al. in 2003. Sialic acid on L6 myoblast 
cells are oxidized by sodium periodate to introduce aldehyde onto the surface of L6 
myoblast. The aldehyde can be ligated with biotin- hydrazide to biotinalize the cell 
surface. Further incubation with avidin inter- cellular linkers, biotinalized L6 
myoblast cells were successfully cross- linked into multi- cellular structures in hours 
[171]. With established avidin inter- cellular linkers, Bank et al. further expanded the 
inter- cellular linker approach for many other cell types including primary human 
dermal fibroblasts, and murine embryonic stem cells. They found that the multi- 
cellular structures of human dermal fibroblast could be used for skin tissue 
engineering and the multi- cellular structures of embryonic stem cells can be used to 
study cell differentiations [29].  
Others have also developed methods to use synthetic linker molecules to 
facilitate the fabrication of 3D cellular constructs. Rat cerebral cell lines have been 
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transfected with neural cell- adhesion molecules (N-CAM) to encourage cellular 
aggregation [265]. ManLev, a metabolic substrate, taken up by cells can be 
metabolically incorporated into modified cell- surface glycoproteins as reactive 
handles for ligation with probes [163, 266, 267]. Galactose oxidase have been used to 
oxidise the terminal galactosyl residues of cell- surface glycoproteins to generate 
ketone handles for ligation with reactive biomolecules [268]. Cell surfaces can also be 
chemically decorated with exogenously- added glycoinositol phospholipid (GPI)- 
anchored proteins of interest for studying cell- cell interactions [269].  
Cell surfaces can be engineered to present non- native functional groups such 
as aldehyde and biotin molecules, which react with the synthetic linker such as 
dendrimer hydrazide [27], PEI hydrazide [28], and avidin molecules [29, 30]. These 
techniques require pre- chemical or metabolic engineering to the cell surface prior to 
treatment with linker to establish cell- cell interaction.  
Another approach to linking cells involves direct anchorage of synthetic 
polymer onto the cell membrane via interaction of the hydrophobic oleyl / cholesterol 
group or cell binding peptides such as galactose residue, which can further enhance 
3D culture formation as the galactose binds to an cell surface asialoglycoprotein 
receptor (ASGPR) [270]. Conjugation of PEG polymer with Arg– Gly– Asp (RGD) 
or Tyr- Ile- Gly- Ser- Arg (YIGSR) on the two ends of polyethylene glycol (PEG) 
also promote 3D cell culture formation [31-33, 271] as RGD and YIGSR bind to cell 
surface receptors, i.e. integrin and 67- kDa YIGSR- binding protein respectively. 
It is critical to realize that effective 3D cell culture formation is highly 
dependent on the ability to form effective cell- cell interaction. This can be achieved 
by improving cell surface adhesiveness or by adding bridging polymer to promote 
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cell- cell interactions. The efficiency of the cell- cell interaction using linear 
polymeric linkers is low because the linear polymer has the tendency to fold back to 
the same cell surface thereby forming a loop around the cell instead of bridging 
between two different cells [31]. One of the strategies to promote the cell- cell 
interactions would be adopting multivalent interactions using dendrimers.  
In summary, the inter- cellular linker approach, has demonstrated its 
uniqueness for formation of 3D cellular constructs that could serve as tissue building 
blocks for further assembly into complex 3D tissue constructs for various biomedical 
and tissue engineering applications. 
2.7 Laser assisted cell assembly 
Optical tweezers were first demonstrated by Ashkin nearly 20 years ago[272]. 
Most tweezers systems reported to date rely on the gradient force produced by a 
tightly focused laser beam, acting on a dielectric particle, to create a 3D trap near the 
beam focus. These ‘‘optical tweezers’’ have been widely used by biologists, for 
example to manipulate cells, to study the forces produced by an individual muscle, 
and to unwrap DNA[273].  
In recent years optical tweezers have undergone a resurgence of interest 
because computer addressable spatial light modulators (SLM) make possible the 
creation of multiple traps that can be steered individually[274, 275]. The ability to 
introduce focal power with the SLM also means that the traps can be manipulated 
axially allowing controlled 3D positioning within the sample volume, typically over a 
range of several 10’s microns[276]. Optical trapping and manipulation of micro- 
particles have been investigated for a wide variety of applications since the first 
experimental observation reported by Ashkin in 1970. This subject has received 
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increasing attention in recent years due to their promising application in biological, 
biomedical, and nano- sciences and technologies[277].  
2.7.1 Laser assisted technology for formation of defined and precise 3D cellular 
constructs / culture 
Optical tweezers use the forces exerted by a strongly focused beam of light to 
trap and move objects ranging in size from tens of nanometres to tens of micrometres. 
Since their introduction in 1986, the optical tweezer has become an important tool for 
research in the fields of biology, physical chemistry and soft condensed matter 
physics. Optical tweezers offer high temporal resolution (10-4 s) [278] and spatial 
resolution (0.1 – 2nm) for trapping single particles[279]. It has the ability to capture 
the 3D complexity of a multi- cellular organism with sub- micron precision[280]. 
Synthetic tissue strives to emulate the complexity of the in vivo environment to elicit 
tissue- specific features by controlling the positions of the cells and the cell- type on a 
scaffold that resembles the ECM. There are a number of ways for controlling the cell 
positions and co- culturing two (or more) cell types on a scaffold using optical 
tweezer system. 
Jordan et al. reported the creation of permanent 3D configurations of cells, at 
predefined positions, within a gelatin matrix. They used holographic optical tweezers 
to manipulate individual E. coli within a solution comprising of monomer precursors. 
The matrix was then set and after the laser beam was removed; the structures 
remained intact for many days. This technique can be potentially applied in 
arrangement of a variety of different cell types in complex architectures, as motifs for 
promoting tissue differentiation and growth within the field of cell engineering[281]. 
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Mirsaidov et al. have demonstrated a new method for creating synthetic tissue 
that can potentially be used to capture the 3D complexity of a multi- cellular organism 
with submicron precision. Using multiple laminar fluid flows in a microfluidic 
network, cells were conveyed to an assembly area where multiple, time- shared 
optical tweezers are used to organize them into a complex array. The cells are then 
encapsulated in a volume of photopolymerizable hydrogel that mimicks an ECM 
[280].  
Prior work indicates that prolonged exposure to the laser used to form the 
optical traps may cause photo- damage to cells and sample heating hence adversely 
affecting the cell viability [282]. Mirsaidov et al.  assessed the potential photodamage 
in E. coli using fluorescent proteins to report on the cell’s gene expression and 
metabolic activity after optical assembly and encapsulation in the synthetic scaffold. 
They established that under optimum trapping conditions the maximum radiation dose 
for 50% viability limits the exposure of cell to about 12 min, restricting the assembly 
time and limiting the maximum size of a single array. However, they show that is 
possible to extend indefinitely the size and shape of an array using a step and- repeat 
methodology in which smaller microarrays of cells are assembled using optical 
tweezers in less than 12 min, fixed in individual, well- defined hydrogel 
microstructures, and then tiled together into a significantly larger, well registered, 
super- array[280]. 
Recent advances promise to take optical tweezers out of the laboratory and 
into the mainstream of manufacturing and diagnostics; they may even become 




2.8 Limitation of current 3D cell culture technologies 
Engineering 3D tissue constructs has been achieved with many approaches 
such as using self- assembly techniques, scaffolds, cell sheet engineering and organ 
printing technology. All the developed approaches have proved their usefulness for 
engineering multi- cellular constructs. While one limitation is that most of the 
available technologies are highly based on cells’ inherent ability to assembly together 
into multi- cellular tissue constructs [263], thus usually takes days or even longer time. 
Another important issue is that the scaffold based approaches may be suitable for 
fabrication of tissues and organs with abundant ECM composition, such as ligament, 
tendon, and cartilage, but not suitable for internal organs such as liver, heart, and 
kidney that are mostly cell- dense and ECM- poor.  
Therefore engineering tissue constructs with minimal biomaterials usage 
would be important issue to be solved to recapitulate the complex structure- 
functional relationship in these internal organs. A newly developed inter- cellular 
linker approach seemed to be able to solve above two issues by cross- linking surface 
engineered cells into multi- cellular structures in minutes or hours. [29, 30]. However, 
these techniques require pre- chemical or metabolic engineering to the cell surface 
prior to treatment with linker to establish cell- cell interaction. The linking process 
takes from hours to days that are impractical for fabricating complex 3D tissue 
constructs and can interfere with cellular functions over the extended treatment time. 
The efficiency of the cell- cell interaction using linear polymeric linkers can be low 
because the linear polymer has the tendency to fold back to the same cell surface 
thereby forming a loop around the cell instead of bridging between two different cell. 
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Here we report the synthesis of a dendrimeric inter- cellular linker that can rapidly 
stabilize cell- cell contacts within minutes.  
Currently, there is no single strategy that allows the engineering of cell- dense 
constructs of defined shapes and patterns that could serve as tissue building blocks for 
further assembly into complex 3D tissue constructs for various biomedical 
applications. The development of an efficient inter- cellular linker that aids the 
formation of 3D cell-dense constructs in a one step manner without spatial restriction 
would be beneficial for tissue engineering and drug testing applications. This forms 















OBJECTIVES AND SPECIFIC AIMS 
Tissue constructs that mimic the in- vivo cell- cell and cell- matrix interactions 
are useful for various biomedical applications involving the cell- dense and matrix- 
poor internal organs. However, rapid and precise arrangement of cells into functional 
tissue constructs without scaffold support remains a challenge in tissue engineering. 
In order to engineer functional, 3D multi- cellular constructs, we developed a novel 
dendrimeric inter- cellular linker that can rapidly and effectively induce precise 
construction of defined multi- cellular structures.  
Three different generations of linkers were created in our lab [27, 28]. The 
first two generations involved a two- step process. Cell surface sialic acid was 
oxidised to produce ketone functional group. The ketone functional groups decorated 
on the cell surface were subsequently reacted with PEI / DAB – hydrazide dendrimer 
to form multi- cellular constructs. These two generations of linker are limited to 
forming multi- cellular constructs of cells displaying multiple sialic acid groups and 
the pre- chemical treatment limits its application on more sensitive cell types e.g. 
primary hepatocyte cells.  
To overcome these problems, a third generation linker was created. In this 
approach, cells were inter- connected directly by a dendrimeric intercellular linker 
(oleyl- PEG conjugated DAB dendrimer) to facilitate cell- cell interaction and 
aggregation. We aim to achieve via a one- step process to induce cell aggregation 
without the use of bulk biomaterials or pre- chemical / enzymatic engineering to the 
cell surface. In addition, it works by a lipid anchorage process to the cell membrane; 
hence we can work on any cell types independent of the cell surface markers.  
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To achieve this goal, four steps were taken, which formed the four specific 
aims in this thesis. The following sections in this chapter will outline the 4 specific 
aims of the research, with a hypothesis and experimental design for each aim. Each 
aim solves a single scientific problem and constitutes a single chapter following 
Chapter 4 in this thesis to elaborate the studies and findings respectively. 
3.1 Specific aim 1: To functionalize the cellular membrane surface with non- 
native functional group 
Hypothesis 
Engineering of the mammalian cell surface with non- native functionality in a 
controlled, reliable and reproducible manner using cholesterol- PEG (cho- PEG) 
conjugates  
Experimental Design 
• Synthesis of conjugates with ketone functionality 
• Labeling cellular membrane by cho-dab conjugates 
3.2 Specific aim 2: To design a novel dendrimeric inter- cellular linker for 
engineering 3D multi- cellular constructs  
Hypothesis 
Dendrimeric inter- cellular linker with multiple cell membrane anchoring moieties can 
facilitate cell- cell interaction and rapid cell aggregation. 
Experimental Design 
• Design, synthesis and characterisation of the dendrimeric inter- cellular linker. 
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• Formation of 3D multi- cellular constructs using dendrimeric inter- cellular 
linker 
• Assessment of cytotoxicity of the dendrimeric inter- cellular linker 
• Zeta potential measurement of linkers treated cells 
• Assessment of linker concentration and incubation time on size distribution of 
the 3D multi- cellular constructs  
• Microarray analysis of oleyl- PEG conjugated DAB dendrimeric linker. 
3.3 Specific aim 3: Characterization of 3D multi- cellular constructs engineered 
by dendrimeric inter- cellular linker 
Hypothesis 
3D multi- cellular structures engineered using the dendrimeric inter- cellular linker 
will exhibit biological and structural features similar to mature 3D cell culture. 
Experimental Design 
Structural characterization of the 3D multi- cellular structures over a 7 day culture 
period: 
• Live/ dead assay on 3D multi- cellular structures 
• Pico green DNA quantification 
• Morphological observation using scanning electron microscopy and F- actin 
staining 
• Hydroxyproline test for collagen content 
Functional characterization of the 3D multi- cellular structures over a 7 day culture 
period: 
• Albumin secretion 
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• Cytochrome P450 1A1/2 enzymatic activity 
3.4 Specific aim 4: Rapid precision engineering of 3D cellular lego using linker- 
engineered tissue spheroids as building blocks in micro- fabricated structures 
using mechanical confinement methods 
Hypothesis 
The cells treated with the dendrimeric inter- cellular linker can be mechanically 
confined to precision engineer 3D cellular micro- structures of defined dimensions. 
Experimental Design 
• Adhesion force study of dendrimeric inter- cellular linker between cells using 
the dual micropipette system 

















CELL SURFACE FUNCTIONALIZATION WITH NON- NATIVE 
FUNCTIONAL GROUP 
4.1 Introduction 
Cholesterol derivatives can be integrated into cellular plasma membranes of 
mammalian cells and have been proven to be a crucial component of cellular delivery 
system to induce non- natural receptor to cell surface [283-285]. Membrane 
cholesterol level was proved to influence membrane permeability and stability 
properties [286]. The hydrocarbon ring structure of cholesterol plays an important role 
in determining membrane fluidity [287]. Cholesterol molecules insert into the bilayer 
with their polar hydroxyl groups close to the hydrophilic head groups of the 
phospholipids. The rigid hydrocarbon rings of cholesterol interact with the regions of 
the fatty acid chains that are adjacent to the phospholipid head groups. This 
interaction decreases the mobility of the outer portions of the fatty acid chains, 
making this part of the membrane more rigid. On the other hand, insertion of 
cholesterol interferes with interactions between fatty acid chains, thereby maintaining 
membrane fluidity at lower temperatures [65].  
The cell surface is a lipid membrane with a unique bi- layer structure. The 
lipid membrane is composed with many biological molecules including protein, 
carbohydrates, lipids and composite molecules. Lipid molecules can be further 
classified into phospholipids, glycolipids, and steroids. The heterogeneity of the 
chemical components on cell surface membrane thus provides cell surface engineers a 
unique platform to introduce non- native chemical species.  
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In cell surface engineering, challenges exist on how to find ways to conduct 
chemical modification and at the same time to avoid undesirable changes in the 
pattern of cell behaviour. So far, a number of strategies have been successfully 
developed to introduce non- native groups without affecting cell machinery. These 
strategies include: (i) insertion of molecules into cell membrane surface, (ii) reactions 
using exogenous enzymes, (iii) inhibition of biosynthetic pathways, (iv) metabolic 
engineering, and (v) covalent ligation to cell surface chemical groups. These 
techiniques involves complex synthesis and can be time consuming and costly. They 
involves remodeling of the natural cell surface glycoforms enzymatically with 
unnatural analogs of inhibition of specific enzymes, which might influence the 
molecular complexity and functionality of the cell surface or cause a subtly change of 
the surface glycosylation.  
We aim to functionalize the cell surface with variety functional groups in a 
rapid and efficient method which does not compromise the cell viability significantly. 
4.2 Materials and methods 
4.2.1 Synthesis and characterisation of cholesterol- PEG- conjugate with ketone 
functionality 
4.2.1.1 Synthesis procedures and compound characterisation 
Solvents were purchased as anhydrous grade and used without further purification. 
Suppliers of commercial compounds are listed as follows: cholesterol- PEG5000. OH 
(cho- PEG) was purchased from NOF Corporation; 4-dimethylaminopyridine 
(DMAP), 1- ethyl- 3- (3-dimethyllaminopropyl) carbodiimide hydrochloride (EDC. 
HCl), dichloromethane, and diethyl ether were purchased from Sigma Aldrich. NMR 
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spectra were recorded on a 400 MHz Advance III NMR spectrometer (Bruker, 
Germany). 1H NMR chemical shifts were measured relative to the residual solvent 
peak at 7.26 ppm in CDCl3.  
4.2.1.2 Synthesis and characterization of cho- PEG- ketone conjugate (Adapted from 
a protocol by Dongen et al[288]) 
Cholesterol- PEG5000. OH (0.5 g, 0.1 mmol), levulinic acid (13.93 mg, 0.12 mmol, 1.2 
equiv), EDC (38.4 mg, 0.2 mmol, 2 equiv) and DMAP (catalytic amount) were 
dissolved in CH2Cl2 ( 30 mL) and stirred for 14 hrs at rt. The mixture was then 
concentrated under vacuum and poured in diethyl ether (200 mL). The precipitate was 
filtered off, redissolved in minimal CH2Cl2 and precipitated in diethyl ether (200 mL) 
once more. The precipitate was filtered off and dried under vacuum, providing the 
desired compound as a clear white powder. 1H NMR (400 MHz, CDCl3): δ 0.89 (d, 
6H), 0.92 (d, 3H), 1.13 (m, 2H), 1.16 (m, 1H), 1.25 (m, 16H), 1.56 (m, 4H), 2.03 (m, 
3H), 2.2 (s, 2H), 2.76 (t, 2H),  2.84 (t, 2H), 3.52 (m, 419H), 3.82 (t, 2H), 4.24 (t, 2H), 
5.35 (s, 1H). 
4.2.1.3 Cell number 
C3A cells were viewed by an inverted microscope with phase- contrast optics 
(Olympus IX50, Tokyo, Japan) under x 10 magnification and counted the number of 
cells with the aid of a hemocytometer (Hirschmann EM Technology). Five random 
fields of view were counted per assays condition, and the cell calculated as the mean 





4.2.1.4 Solution preparation 
Phosphate – buffer saline PBS: Stock solution (10 times, Biopolis Supply Centre 
(BSC) stocked items) was diluted by di water 10 times. Obtained solution was 
sterilized before used, termed here as PBS.  
Trypsin: Stock solution Trypsin/EDTA (10 times, Gibco, Invitrogen, Canada) was 
diluted by PBS 10 times. Obtained solution was sterilized before used, termed here as 
Trypsin.  
Avidin Buffer: PBS, FCS 0.1%, pH 7.4  
Biotin Buffer: PBS, FCS 0.1%, pH 6.5 
4.2.1.5 Cell viability staining of cells treated with cho- PEG- ketone conjugate 
C3A cells were stained with CellTrackerTM Orange CMRA (20 µM) (Molecular 
Probes, USA) for live cells imaging for 30 min at 37 °C and then fixed with 3.7 % 
PFA for 30 min at room temperature. They were kept in PBS until observation. 
Images of the cells were acquired by confocal laser scanning microscopy (Zeiss 
LSM510, Germany) at 543 nm excitation wavelength. 
4.2.2 Labelling cellular membrane with cholesterol- PEG conjugate with ketone 
functionality 
The chemicals were prepared at various concentrations in PBS and sterilize filtered 
(Millex®GP 0.22µm, Millipore, Ireland). 500 µl of obtained solution was added to 
each aliquot. C3A Cells were then peletted, followed by incubation for 30 minutes at 
4 °C on an orbitron shaker (Model 260200, Boekel Scientific, USA). The cells were 
centrifuged, the supernatant was discarded. Cells were washed further twice with 
suitable buffer, subjected to following assays. 
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4.2.2.1  Detection of displayed functional groups on cell surface 
Ketone- expressing C3A cells were washed twice with biotin buffer, followed by 
incubation for 90 minutes at room temperature with 0.5 mL biotin hydrazide solution 
(5 mM in biotin buffer; Sigma, USA). These cells were then washed twice with cold 
avidin buffer. Biotin moieties were visualized by incubated in the dark at 4 ºC for 18 
minutes with 200 µl Streptavidin/FITC 1:50 (1g/L, Dako Cytomation, Denmark). 
Labeled cells were centrifuged, the supernatant was discarded, following by washing 
with PBS for two times. Cells were then resuspended in 1 mL PBS. 200 µl of 
suspension solution was transferred to a borosilicate coverglass chamber for confocal 
analysis. Images of the cells were acquired by confocal laser scanning microscopy 
(Zeiss LSM510, Germany) at 488 excitation wavelength. 
4.3 Results 
4.3.1 Functionalization of cellular membrane surface with ketone functionality 
4.3.1.1 Synthesis of cholesterol- PEG conjugate with ketone functionality 
We synthesized a membrane- anchoring cholesterol- PEG conjugate with ketone 
functionality via a one step reaction by treatment of levulinic acid with cho- PEG. The 
conjugate is characterised by NMR (Figure 5). The cho- PEG- ketone conjugate would 
act as vehicle to introduce novel chemical reactivity onto cell surfaces, i.e. cell surface 





















Figure 5. Characterisation of cho-PEG- ketone conjugate. (A) Schematic diagram of 
synthesis of cho-PEG- ketone conjugate. (B) 1H NMR spectra of cho-PEG- ketone 
conjugate. 
4.3.2 Labelling cellular membrane with cholesterol- PEG conjugate with ketone 
functionality 
To date, quite a number of articles have been published using the art of ligation 
between aldehyde/ ketone and biotin-hydrazide [163, 164, 171, 289-292]. As early as 
in 1997, Bertozzi et al. was able to use metabolic pathway to deliver unnatural ketone 
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groups to mammalian cell surface. The cell surface was then selectively decorated 
with rationally designed organic structures bearing a complementary functional group, 
e.g. a biotin hydrazide, which reacts to form a stable cell surface hydrazone adducts 
(Figure 6) [164]. Biotin, in turn, was coupled to avidin/ FITC. This technique was used 
to detect the non native surface ketones with the use of confocal microscopy. The C3A 
cells were engineered by the cho- PEG- ketone conjugate to express a novel ketone on 
the cell surface. The ketone group provided a unique chemical handle to which biotin 
hydrazide was covalently attached, followed by Streptavidin/ FITC (Fluorescein 






















Figure 6. The reaction of surface ketone and biotin hydrazide. Reagents and 
conditions: Biotin buffer, rt. 
The cells were then transferred to the chamber for observation with confocal 
microscopy. Cells treated with FITC tagged cho- PEG- ketone conjugate showed a 
high level of fluorescence at the periphery of the cells. These fluorescence rings were 
primarily localized at the cellular plasma membrane as determined by comparison 
with De Bank group and Bertozzi group[164, 171]. No fluorescent signal was 
observed for the negative control cells (Figure 7).  
To assess the cell viability in of cells treated with cho-PEG- ketone conjugate, 
confocal laser scanning microscopy (CLSM) was used to image and quantify live cells 
stained with CellTracker Orange CMRA (Figure 8B). The control untreated cells and 
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cells treated with 0.01mM of cho- PEG- ketone conjugate remains viable as observed 

























Figure 7. Confocal analysis of ketone- expressing C3A cells incubated at different 
concentration of cho- PEG- ketone conjugate for 30 minutes. (A) Negative control 
cells (untreated), (B) 1 mM, (C) 0.5 mM, (D) 0.1 mM, (E) 0.05 mM and (F) 0.01 mM. 





   
  
Figure 8. Confocal analysis of ketone- expressing C3A cells (A) at transmitted image 
of control untreated cell, (B) confocal images of live (red) C3A control untreated cells. 
(C) 0.01mM of cho- PEG- ketone conjugate, (D) combined confocal images of live 
(red) C3A cells labeled with cho- PEG- ketone conjugate (green) indicated high cell 
viability. 
4.4 Discussions 
4.4.1 Cell surface functionalization with non- native groups 















This novel “chemical ligation” approach relied on a conceptual breakthrough, 
as the coupling of two mutually and uniquely reactive functional groups in an aqueous 
environment. As the name of the technique implies, these mutual chemoselective 
uniquely reactive functional groups are selective for each other and also tolerate a 
diverse array of other functionalities, which renders the use of protecting groups 
unnecessary [167]. Thus, even among a multitude of potentially reactive functional 
groups, two chemoselective ligation partners will react only with each other. These 
reactions hence offer advantages similar to those of enzymatic reactions, with the 
potential of much broader range of substrates for use as coupling partners. Several 
examples of chemoselective ligation reactions are illustrated in Figure 9. Aldehydes 
and ketones react with hydrazides, amino- oxy groups and thio- semi- carbazides to 
yield N-acyl hydrazones, oximes and thio- semi- carbozones respectively. Compounds 
bearing nucleophilic sulfhydryl groups can selectively alkylate with α- halocarbonyl 
electrophiles despite the presence of other nucleophiles. This reaction has been used 
widely in site specific labeling of protein bearing cysteine side chains. Aldehydes can 








































































Figure 9. Examples of common chemoselective reactions used in convergent 
assembly of biopolymers and their mimetics and in the modification of biopolymers 
and cells. [7] 
Chemoselective ligation reactions are designed to modify only one cellular 
component among all others [293]; allowing mutually exclusive reactions of 
complimentary pairs of functional groups. For instance, if a non native functional 
group with orthogonal reactivity to native amino acid side- chains could be introduced 
site specifically into peptide segments, their reaction with complementary functional 
groups would give homogeneous, chemically defined products without interference by 
other components of the molecule. For years, these specific couplings have brought 
several achievements in cellular processes. As covalent bond formation to proteins is 
made difficult by their multiple unprotected functional groups and normally low 
concentrations, an appealing strategy for the synthesis of large, full length proteins is 
the convergent coupling of moderately sized peptide segments (< 60 amino acids). 
Ideally, the coupling reactions can be performed in an aqueous solvent without the 
need for protected amino acid side- chain [294]. In addition, several large functional 
proteins have been synthesized using chemoselective ligation chemistry. Routine 
solid- phase synthesis of unprotected protein segments modified at their termini with 
complementary functional group pairs was carried out, followed by their assembly in 
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aqueous solvents [295-298]. Rideout et al. also recognized the potential of 
chemoselective ligations in self- assembly of inactive prodrugs into active cytotoxic 
agents. Notably, the highly selective nature of certain ligation has been applied 
successfully in in vitro chemical modifications of cell surfaces [164, 299, 300]
 
which 
give widespread use in biotechnological and biomedical research [267]. 
The ability to decorate the mammalian cell surface with non- native functional 
groups such as ketone, in a controlled, reliable and reproducible manner using cho- 
PEG has been shown in specific aim 1. Ketone is absent from the cell surfaces. None 
of the naturally occurring amino acids, glycoconjugates, or lipids contains a ketone 
group [164]. It is also essentially inert to the reactive moieties normally found in lipids, 
proteins, and other macromolecules. Although the ketone can form reversible Schiff 
bases with primary amines such as lysine side chains, the equilibrium in water favours 
the carbonyl. By contrast, the stabilized Schiff bases with hydrazide and aminooxy 
groups (hydrazones and oximes, respectively) are favored in water and are quite stable 
under physiological environment [301]. Rideout and coworkers first recognized the 
potential use of ketones and aldehydes for chemoselective drug assembly in the 
presence of living cells [302-304]. More recently, Sadamoto and coworkers [305] 
introduced ketones into bacterial cell walls and labeled the reporters with a hydrazide- 
based fluorophore. Ketones can be selectively ligated with hydrazide-, hydroxylamine- 
or thiosemicarbazide conjugated molecules under physiological conditions [302, 306, 
307] allowing cell surface to be chemically remodeled with a variety of externally 
delivered ligands for diverse applications such as the construction of new 
glycosylation patterns [163], tumor cell targeting with MRI contrast agents [164] and 
introduction of receptors for facilitating viral- mediated gene transfer [144]. Thus, the 
ketone provides a molecular handle for the attachment of biomolecules or small 
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molecular probes to cells. A wealth of research is now emerging using ManLev and 
ManNAz as a means of ligating bioactive molecules to cell surfaces, with the major 
advantage of metabolically decorating cell surfaces in this manner being its 
biocompatibility for in vivo applications. However, this method can be rather time 
consuming, in order to decorate cell surface with functional groups of choice, 3 days 
incubation was needed. One further potential use of the cho- PEG conjugates 
technique is its ability to decorate cells with few different non native functional groups 
at the same time, as long as the synthesis could be achieved.  
Notably, Peterson and coworkers have been developing cholesterol- conjugates 
that act as artificial cell surface receptor [147-149] or promote antifluorescein 
antibodies uptake [308]. However, the linker in their designed is only responsible for 
solubility of membrane- anchored reagent. Therefore, their membrane- anchored 
reagents need longer time to find surface- target for the attachment (1hour, 37 ºC).  
With the great interest in cell surface engineering, a new technique to 
functionalize cellular membrane has been developed using cholesterol- PEG 
conjugates. The chemoselective ligation reactions were studied to find out the suitable 
chemistry to employ in the non native functional groups detection. In order to further 
prove the feasibility of these designed conjugates in the area of cell surface 
engineering, synthesis problem needs to be solved first. If the conjugates with more 
functional groups per molecule were able to be synthesized, it would be possible to 
amplify the fluorescence signal while working concentration was lower. Multivalent 





4.5 Summary for Specific Aim 1 
In summary, the cho- PEG conjugate could be used as vehicle to engineer cell 
surface with non native functional groups in rapid, effective, low toxicity manner. 
Within the range concentration of 0.01 mM to 0.1 mM, the conjugates work well with 
high cell viability. Ketone functional group was detected by reaction with their 
















DESIGN A NOVEL DENDRIMERIC INTER- CELLULAR LINKER FOR 
ENGINEERING 3D MULTI- CELLULAR CONSTRUCTS 
5.1 Introduction 
Traditional approaches to form tissue constructs in vitro involves scaffolds 
approaches [14, 15], cell- self assembly [309] and cell- sheet technology [23-26] etc. 
For engineering cell- dense and matrix- poor tissues of the internal organs such as 
liver, heart, pancreas and kidney where the functions are highly dependent on the 
precise structures with feature size in the range of nm- µm [20-22], precise placing of 
different multiple cell types inside the 3D porous scaffold is technically challenging. 
These approaches are highly dependent on cells’ natural aggregation ability that is 
time consuming and precision connections of the cell sheets into complex 3D features 
remain impractical. Others have also developed methods to use synthetic linker 
molecules to facilitate the fabrication of tissue constructs. The cell surfaces were 
engineered to present non- native functional groups such as aldehyde and biotin 
molecules, which react with the synthetic linker such as dendrimer hydrazide [27], 
PEI hydrazide [28], and avidin molecules [29, 30]. These techniques require pre- 
chemical or metabolic engineering to the cell surface prior to treatment with linker to 
establish cell- cell interaction. The linking process takes from hours to days that are 
impractical for fabricating complex 3D tissue constructs and can interfere with 
cellular functions over the extended treatment time. We aim to design a class of inter- 
cellular linker that’s easily synthesized and with high efficiency and low toxicity to 
facilitate rapid construction of multi- cellular constructs.  
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5.2 Materials and methods 
5.2.1 Synthesis and characterisation of dendrimeric inter- cellular linker 
5.2.1.1  Synthesis procedures and compound characterization 
Solvents were purchased as anhydrous grade and used without further purification. 
Suppliers of commercial compounds are listed as follows: HCl.NH2 PEG2000COOH 
was purchased from NOF Corporation; oleic acid was purchased from Alfa Aesar, 
DAB- Am- 16 was purchased from SyMO- Chem BV; N- hydroxysuccinimide (NHS), 
dicyclohexylcarbodiimide (DCC), 4-dimethylaminopyridine (DMAP), 1- ethyl- 3- (3-
dimethyllaminopropyl) carbodiimide hydrochloride (EDC. HCl), methanol, and N,N-
dimethyl formamide (DMF) were purchased from Sigma Aldrich. NMR spectra were 
recorded on a 400 MHz Advance III NMR spectrometer (Bruker, Germany). 1H NMR 
chemical shifts were measured relative to the residual solvent peak at 7.26 ppm in 
CDCl3. Maldi- tof mass spectroscopy experiments were carried out on Autoflex II 
TOT/ TOF 50 Maldi- TOF system (Bruker, Germany). Α- cyano- 4- hydroxy 
cinnamic acid (CHCA) matrix was used as the matrix for MALDI samples.  
5.2.1.2 Synthesis and characterization of oleyl- PEG conjugate 
Oleic acid (0.174 ml, 0.55 mmol) was dissolved in anhydrous DMF (20 mL). NHS 
(0.11509 g, 1.0 mmol) was added followed by DCC (0.20633 g, 1.0 mmol). DMAP 
was added to HCl.NH2 PEG2000COOH (1 g, 0.5 mmol) in DMF (10 mL). The two 
solutions were mixed and stirred at room temperature for 24 h. The reaction mixture 
was purified by dialysis (Spectropor 7, MWCO 1000, in methanol) to afford a white 
solid: 1H NMR (400 MHz, CDCl3): δ 0.87 (t, 3H), 1.27 (m, 22H), 1.56 (m, 2H), 1.64 
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(q, 4H), 1.80 (m, 2H), 2.00 (t, 4H), 2.16 (t, 4H), 2.60 (m, 2H), 3.45 (t, 4H),  3.55 (t, 
2H), 3.63 (m, 290H), 5.35 (t, 2H); MALDI-TOF MS: 2401.803, calculated:2419.67.  
5.2.1.3 Synthesis and characterization of oleyl- PEG conjugated DAB dendrimer 
DAB- Am-16 (10.139 mg, 6.01 mol) was dissolved in DI water (1 ml). EDC. HCl 
(81.13 mg, 70.4 mmol) was added to purified oleyl- PEG conjugate (0.272 mg, 20 
mmol) in DI water (8 mL). The two solutions were mixed and stirred at room 
temperature for 24 h. The product was purified by dialysis (Spectropor 7, MWCO 
3500, in water) to remove any residual reactant, before lyophilisation to get a white 
solid: 1H NMR (400 MHz, CDCl3): δ0.87 (t, 33H), 1.27 (m, 242H), 1.59 (m, 100H), 
1.76 (m, 44H), 2.00 (t, 4H), 2.13 (m, 106H), 3.34 (t, 22H), 3.45 (m, 44H), 3.57 (m, 
422H), 3.63 (m, 3278), 5.34 (t, 22H); MALDI-TOF MS: 25961.591, calculated: 
26793.06. 
5.2.2 Forming 3D multi- cellular constructs using the dendrimeric inter- cellular 
linker  
5.2.2.1 Formation of multi- cellular structures using dendrimeric inter- cellular linker 
0.5 µM oleyl- PEG conjugated DAB dendrimer or PBS (control) was added to 1.0 x 
106 C3A cells and centrifuged at 40 rcf for 1 min using (Model 5415R, Eppendorf 
Centrifuge); or incubated for 30 min at 4 °C on an orbital shaker (Model 260200, 
Boekel Scientific, US). For 7- day culture, the linker engineered constructs were 
washed with PBS and re- suspended in culture medium and placed on an orbital 
shaker (Spectra- teknik, USA) rotating at 70 rpm at 37 °C in a humidified 
environment with 5 % CO2.The size of the linker engineered multi- cellular structures 
(in this case, aggregates) was quantified by measuring their diameters in the images 
taken with a phase contrast microscope (Olympus, Japan). Error bars represent the 
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s.e.m. of three independent experiments, with at least 10 images taken per experiment. 
The size distribution of the multi- cellular structures was plotted to define the areas 
occupied by the structures with the expectation maximization segmentation 
(developed by Prof. Jose Vicente Manjon Herrera) and distribution chart plotted using 
Matlab R2009a.  
5.2.2.2 Zeta potential measurement 
Samples were prepared by incubating 1.0 x 106 C3A cells to 1 ml of dendrimeric 
linker of different concentrations (0, 0.1 µM, 0.5 µM, 1 µM, 5 µM,  10 µM, 0.01 mM, 
0.05 mM, 0.1 mM). After incubation, cells were washed twice with PBS. The zeta 
potential of the solution was measured using Malvern Zeta Sizer Nano ZS 90.  
5.2.2.3 MTS cytotoxicity assay of dendrimeric inter- cellular linker 
C3A cells were cultured in 96-well microtitre plates at a density of 1.2 x 104 cell per 
well. After 24 h, oleyl- PEG conjugated DAB dendrimer in serum- free culture 
medium at different concentrations (0, 0.1 µM, 0.5 µM, 1 µM, 5 µM,  10 µM, 0.01 
mM, 0.05 mM, 0.1 mM) was added. 24 h later, the total number of viable cells was 
measured using MTS assay. CellTiter96s Aqueous One Solution Reagent (Promega, 
Madison, USA), diluted five times in PBS, was added to the cells and incubated at 37 
°C in the dark. After 3 h, the solution was collected, centrifuged and the absorbance of 
the supernatant was measured at 490 nm using a microplate reader Sunrise (Tecan, 
Switzerland). All absorbance reading were plotted as a percentage of the absorbance 
reading of the control group (incubated with culture medium). Error bars represent the 




5.2.2.4 Microarray analysis  
RNA was isolated from frozen cell samples with Rneasy Kit (QIAGEN). Quality of 
RNA was quantified using Agilent RNA Nano 6000 Chip. Custom microarray service 
was performed using 1-colour assay on Agilent Human Whole Genome 4 x 44 K 
Microarray (G4112F- 014850) (Genomax, Singapore). 
5.3 Results 
In this section, we describe the rapid construction of 3D multi- cellular 
structures by aggregating cells with polymeric molecules that we termed “dendrimeric 
inter- cellular linker”. The linker is composed of oleyl- polyethylene glycol (PEG) 
derivatives conjugated to a 16 arms- polypropylenimine hexadecaamine (DAB) 
dendrimer. The positively charged multivalent dendrimer concentrates the linker onto 
the negatively charged cell surface to facilitate efficient insertion of the hydrophobic 
oleyl groups into the cellular membrane in the formation of multi- cellular structures. 
The human hepatic cell line, C3A, was used as a model system for most the studies 
unless otherwise specified. 
5.3.1 Synthesis and characterisation of the dendrimeric inter- cellular linker 
We synthesized a dendrimeric inter- cellular linker based on non- toxic DAB 
dendrimer, which contained 16 primary amines on a positively charged backbone. The 
dendrimeric inter- cellular linker consists of three distinct units: (i) a hydrophobic 
oleyl group; (ii) hydrophilic PEG2000 with an approximate distance of 11.5Å; and (iii) a 
dendrimeric DAB- Am- 16. It is synthesised by coupling the oleyl- PEG2000 onto 
DAB- Am- 16 through EDC coupling chemistry via a 2- step reaction (Figure 10A). 
The dendrimeric inter- cellular linker is a multivalent molecule containing 16 primary 
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amine groups which can be easily coupled to other functional groups. The 16 amine 
groups are situated on the surface of the dendrimer making synthesis more easily 
controlled. NMR and MALDI- TOF results indicated that 11 oleyl- PEG2000 
conjugates have been coupled to the DAB- Am- 16 (Figure 10B, 10C). Oleyl chain is 
an important lipid anchor used to bind to the cell surface lipid membrane via 
hydrophobic interaction. The driving force is the gain of energy associated with the 
transfer of the hydrophobic groups from a partially solvent exposed state to a more 
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Figure 10. Characterisation of dendrimeric inter- cellular linker. (A) Structure of 
DAB- Am 16. (B) Schematic diagram of synthesis of oleyl- PEG conjugated DAB 
dendrimeric linker. (C) 1H NMR spectra of oleyl- PEG conjugate, (D) 1H NMR 
spectra of oleyl- PEG conjugated DAB dendrimeric linker in CDCl3. (E) MALDI- 
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TOF MS spectra of oleyl- PEG conjugate, (F)  MALDI- TOF MS spectra of oleyl- 
PEG conjugated DAB dendrimeric linker using CHCA as a matrix. 
5.3.2  Forming 3D multi- cellular constructs using the dendrimeric inter- cellular 
linker 
Assessment of linker concentration and incubation time on formation and size 
distribution of the 3D multi- cellular constructs  
The positively charged dendrimeric inter- cellular linker with cell membrane 
anchoring moiety can induce rapid formation of multi- cellular structures via direct 
anchorage into the cellular membrane (Figure 11). In order to assess the influence of 
incubation time and linker concentration on the efficiency and sizes of multi- cellular 
structures, cells were treated with various concentration of linkers (0 µM, 0.5 µM, 1.0 
µM, 5.0 µM, 0.01 mM, 0.05 mM, 0.10 mM) and the sizes of the structures were 
measured at different time points (15, 20, 25, 30 min). At shorter incubation time, a 
higher linker concentration was required to induce cell aggregation. The lowest 
concentration of linkers required to induce cell aggregation is 0.5 µM (Figure 12A). 
The rate of cell aggregation is further accelerated using centrifugation to mechanically 
bring the cells close to one another. In the presence of dendrimeric inter- cellular 
linker, multi- cellular structures can be formed within 1 min. 88 ± 5 % of the cells 
were effectively aggregated with 0.5 µM of linker and 1 min centrifugation at 40 rcf 
(Figure 12B). The size distribution of the multi- cellular structures was measured by 
quantifying the images of the structures using Image Pro Plus. The size distribution of 
the multi- cellular structures versus linker concentration was indicated as a histogram 




Figure 11. Schematic representation of cell-polymer network. Dendrimeric inter- 
cellular linker promotes aggregation of C3A cells into 3D multi- cellular aggregates. NNNNNH2NH2N H2 NH2N NNNH2NH2N H2 NH2N NN NNH2NH2NH2NH2NNNNH2NH2NH2NH2  









Figure 12. Formation of multi- cellular structures using 0.5 µM oleyl- PEG 
conjugated DAB dendrimeric linker. (A) Cells formed multi- cellular structures with 
average diameter of 90 µm within 30 min incubation on an orbitron shaker. (B) 88 ± 5 
% of the linker treated cells were effectively clustered by centrifugation at 40 rcf for 1 
min. (C) The multi- cellular structure size distribution was indicated as histogram. 
The dendrimeric linker can form multi- cellular structures with average of 184 ± 44 
cells/ construct. 
Zeta potential measurement of linkers treated cells 
We hypothesized that the charge interaction between the positively- charged 
dendrimeric linker and negatively- charged cell surface played a role in facilitating 
cell aggregation. In the absence of dendrimeric linker, the cells are negatively charged 
with a zeta potential of -15.8 mV. The zeta potential of the cells treated with 
dendrimeric linkers progressively increases and stabilized at 5 µM (Figure 13). The 
increase in amount of the multi- cellular structures fails to increase the size of the 




Figure 13. Zeta potential measurement of linkers treated cells. Zeta potential 
measurement of cell solutions treated with various concentrations of dendrimeric 
linkers. No further increase in charge or size of the multi- cellular structures were 
observed beyond 5 µM of dendrimeric linker. 
Assessment of cytotoxicity of the dendrimeric inter- cellular linker 
The cell viability after incubation with oleyl- PEG dendrimeric linker at 
different concentrations was maintained at 90 % for cells incubated with 0.5 µM of 
linkers (Figure 14) as assayed by MTS cytotoxicity assay. 
 
Figure 14. MTS cytotoxicity assay of oleyl- PEG conjugated DAB dendrimeric linker. 
Cell viability was maintained at 90 % for cells incubated with 0.5 µM of linkers. Data 
plotted represent the mean ± s.e.m of 3 independent experiments. 
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Microarray analysis of oleyl- PEG conjugated DAB dendrimeric linker 
Venn diagrams depicted overlaps between different experimental conditions 
(Figure 15A). Gene- sets of 213, 206, 5086, 323, 299, 175, 211, 240 and 179 
significantly deregulated genes were respectively defined from 6 different 
experimental conditions (i-ix) with a fold change of 2.0 or more. The microarray 
analysis of the cells treated with dendrimeric inter- cellular linker shows that at 0.5 
µM, 213 gene entities were affected. The major altered functions were plasma 
membrane and receptor activity. However, as concentration of the dendrimeric inter- 
cellular linker increases, more intra- cellular molecules and activities were affected. 
At 1000 µM, as many as 5086 gene entities were shown to be modulated with drastic 
changes to nuclear functions such as DNA binding, metal and zinc ion binding, 
transcription process and apoptosis. The gene expression profiles of cells treated with 
dendrimeric inter- cellular linker was compared to those cells that are subjected to 
sialic acid modification on cell surface to introduce ketone functional group which 
was required for aggregating cells previously. We observed that the cells with even 
mild sialic acid modification exhibited altered function in phagocytosis. When higher 
concentration of NaIO4 was used, DNA binding and transcription process of cells 
were further affected. Microarray analysis of multi- cellular structures formed by 
centrifugation shows no drastic change to gene or cellular functions in cells treated 
with 0.5 µM of linker versus the un- treated control indicating that centrifugation and 
linker up to 0.5 µM have negligible effects on the cells. Hierarchical clustering reveals 
the expected pattern of clustering which involved the lower concentrations of linkers 
of 0.5 µM (i) and 10 µM (ii) clustered together and the higher concentration of 1000 
µM (ix) as a separate cluster corresponding to the most toxic response. Gene 
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regulation due to sialic acid modification to cell surface using 0.5 mM (vii) and 1.0 







Figure 15. Microarray analysis of oleyl- PEG conjugated DAB dendrimeric linker. (A) 
Venn diagram illustrating the degree of overlap for the gene expression responses 
across 3 different concentrations of linkers (0.5 µM - i, 10 µM - ii, 1000 µM - iii) and 
comparison with cells treated with sialic acid modification (cells treated with 0.5 mM 
NaIO4 – vii, cells treated with 1.0 mM NaIO4 – viii). Microarray analysis of multi- 
cellular structures formed by centrifugation shows no drastic change to gene or 
cellular activities for cells treated with 0.5 µM of linker (vi) indicating that 
centrifugation and linker up to 0.5 µM have negligible effects on the cells. A gene was 
considered significantly deregulated with a fold- change of 2.0 or more. (B) 
Hierarchical clustering reveals the expected pattern of clustering which involved the 
lower concentrations of linkers (i and ii) clustered together and the higher 
concentration (ix) as a separate cluster. Gene regulation due to sialic acid 
modification to cell surface using NaIO4 (vii and viii) are clustered closer to the 1000 
µM. 
5.4 Discussions 
5.4.1 Evaluation of dendrimeric inter- cellular linker for engineering 3D multi- 
cellular structures 
5.4.1.1 Interaction between dendrimeric inter- cellular linker and cell surface 
To minimise the usage of biomaterials for engineering cell- dense tissues, we 
have mimicked the in vivo developmental process in which cells are first assembled 
into cellular structures for the cells to secrete their own ECM and other environmental 
cues to support themselves. We have developed a class of dendrimeric inter- cellular 
linker comprising of a DAB dendrimer conjugated to the PEG derivative with oleyl 
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group as the hydrophobic group at the terminal. Rapid cell- cell contact was 
established in a one- step process by the dendrimeric inter- cellular linker anchoring 
into the cell membrane bilayer via hydrophobic and the charge interaction between the 
dendrimeric linker with the cell surface. The driving force is the gain in energy due to 
the association of the oleyl groups within the dendrimer into a more orderly 
hydrophobic membrane environment and the charge interaction between the positively 
charged DAB dendrimer on the linker and the negatively charged cell surface. The 
positive charges on the DAB backbone promote the electrostatic interaction of DAB 
with negatively- charged proteoglycans present on cell surfaces [310-312]. Various 
lipid anchors have been used to modify cell membrane, for instance stearyl [313, 314] 
and cholesterol [315] derivatives, GPI anchor [142, 269] and chelator lipid anchor, 
nitrilotriacetic acid ditetradecylamine [316-318]. However, these lipid anchoring 
methods have some drawbacks. For example, a cholesterol anchor tends to assemble 
in the raft region of the cell membrane, resulting in interference with the cell signaling. 
Stearyl, cholesterol and the chelator lipid anchors without a hydrophilic linker tend to 
form micelles, resulting in slow incorporation into the cell membrane. The GPI anchor 
method requires the preparation of recombinant protein with GPI anchor, and this 
takes a long period of time and uses a complicated procedure for the construction of 
the express vector and production and purification of the recombinant protein [319]. In 
this study, we focus on developing an easier and more rapid method for anchorage 
onto the cellular plasma membrane. We employed an oleyl chain as the membrane 
anchor. The unsaturated  alkyl chain can be anchored into the cell membrane without  
affecting the cellular raft and it’s signaling. The oleyl chain containing 18 carbon 
atoms which closely resemble  the fatty acid tail of the phospholipids bilayer which 
contains long unbranched aliphatic chains which are either saturated or unsaturated, 
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having an even number of carbon atoms, ranging from 4 to 28. The oleyl chain is 
difficult to utilize in an aqueous environment due to its hydrophobicity. An 
amphiphilic PEG chain was bound to the oleyl chain for better solubility in aqueous 
environment.  
This is a one- step process to induce cell- cell interaction and does not require 
pre- chemical or metabolic engineering to modify the cell surface, hence reducing the 
time to form cellular structures and minimizing detrimental effects on cell viability 
and functions. A biocompatibility test of the dendrimeric inter- cellular linker showed 
increasing cell viability with decreasing linker concentration. While lower 
concentrations are more biocompatible, cell aggregation efficiency is compromised. 
Different concentrations of dendrimeric inter- cellular linker were tested to select a 
condition with good aggregation efficiency and good initial cell viability to study the 
cellular behavior of the multi- cellular constructs during a 7- day culture. Linker 
engineered cells formed 3D multi- cellular aggregates but remained as single cells 
negative control with cells treated with PBS. The concentration of 0.5 µM oleyl- PEG 
conjugated DAB linker 3D formed multi- cellular aggregates ~ 90µm with ~ 90 % of 
the cells remaining viable. The use of highly branched dendrimeric structure greatly 
enhanced the linking efficiency of the linker. It can achieve simultaneous multivalent 
cell- cell interactions between adjacent cells, in comparison to linear polymeric cross 
linker. The PEG chain branching from the DAB dendrimer to the oleyl chain terminals 
also helps to increase the solubility of the dendrimeric inter- cellular linker in the 
aqueous extra- cellular environment. In the next section, we will discuss the biological 
characterisation of linker- engineered multi- cellular constructs during a 7- day culture 
period and potential applications of these linker- engineered multi- cellular constructs. 
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5.5 Summary of Specific Aim 2 
We have developed a dendrimeric inter- cellular linker (oleyl- PEG conjugated 
DAB dendrimer) that can rapidly and effectively induce aggregation of live cells, 
through synergistic cooperation of the oleyl chains and the positively- charged 
backbone of the DAB dendrimer with the negatively- charged cell membrane surfaces.       
This is a rapid, one- step process to induce cell aggregation without the use of bulk 
biomaterials and pre chemical/ enzymatic engineering of cell surface. As the linker 
works via simple hydrophobic lipid linkage, it can potentially apply to any cells 
independent of the cell surface markers. The dendrimeric inter- cellular linker 
aggregates cells in suspension in 3D to form multi- cellular constructs without 
dimensional confinement. The dendrimeric inter- cellular linker can form viable 3D 
multi- cellular constructs which maintain their 3D integrity independently from the 
inter-cellular linker, likely via establishment of cell-cell interaction and cellular 
deposition of ECM into the microenvironment. The dendrimeric inter- cellular linker 
provides an alternative means to effect 3D culture with minimal use of biomaterials to 










BIOLOGICAL CHARACTERISATION OF LINKER- ENGINEERED MULTI- 
CELLULAR CONSTRUCTS 
6.1 Introduction 
3D tissue- engineered constructs with cell– cell and cell– matrix interactions 
mimicking that of in vivo tissues situation[12] are useful in application such as bio- 
artificial liver- assisted devices [320], organ printing [321], cartilage regeneration 
[322], wound healing [194], tumour modeling [323], drug discovery [324] and 
regenerative medicine. They exhibit some tissue- like properties, such as 3D cell 
morphology, maintenance of 3D cell- cell and cell- ECM interactions, and improved 
cell viabilities and functions than 2D monolayer cells [325]. It is therefore critical to 
develop a system which could construct 3D tissue structures which can be structurally 
and functionally maintained in a short- term period such as days or weeks or long- 
term period such as months or years for various biological applications. 
In the previous study, a dendrimeric inter- cellular linker has been developed 
and used to accelerate the fabrication of the 3D multi- cellular constructs. A 
systematic biological characterization of the engineered 3D multi- cellular constructs 
was conducted on cell viability, cell morphology, cell- cell interactions and cell 
functions to demonstrate that the linker is useful for accelerating the formation of a 
mature 3D culture from single cells without compromising the cellular structures and 
behavior.  
6.2 Materials and methods 
6.2.1 Structural characterisation of linker- engineered multi- cellular constructs 
 85 
 
6.2.1.1 Live- dead assay of multi- cell structures 
Multi- cellular structures were co- stained with CellTrackerTM Green (CTG, 20 µM) 
(Molecular Probes, USA) and propidium iodide (PI, 25 µg/ mL) (Molecular Probes, 
USA) for live and dead cells respectively for 30 min at 37 °C and then fixed with 3.7 
% PFA for 30 min at room temperature. They were kept in PBS until observation. 
Images of the cells were acquired by confocal laser scanning microscopy (Zeiss 
LSM510, Germany) at 488 and 543 nm excitation wavelengths respectively. 
6.2.1.2 DNA quantification assay 
Total cell number was quantified using Quant-iTTM PicoGreen dsDNA Assay Kit 
(Invitrogen). Cellular aggregates were lysed in 0.1 % SDS solution. Samples were 
diluted with PBS and reacted with the DNA dye (diluted 200 x in PBS) for 5 min in 
the dark at room temperature. The mixture was then excited at 480 nm and the 
fluorescence read at 520 nm. A calibration curve with known cell numbers was used 
for quantification. 
6.2.1.3 Scanning electron microscopy 
The multi- cellular structures were fixed with 3.7 % PFA for 30 min and post- fixed in 
1 % OsO4 for 1 h. Samples were then dehydrated step-wise with ethanol (25 %, 50 %, 
75 %, 90 %, 100 %), dried in vacuum oven and sputter coated with platinum. The 
samples were viewed with scanning electron microscope (JEOL JSM- 5600, Japan). 
6.2.1.4 Hydroxyproline assay 
Multi- cellular structures or cells cultured in 2D monolayer (control) were lysed in 
6M HCl at 110 °C for 24 h. The HCl was evaporated by placing the samples in open 
glass vials on a heating stage at 70 °C in the fume hood. The residue was dissolved in 
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200 µl of 1 x assay buffer, a 10 x dilution of the stock buffer. (The stock buffer: 50 g 
citric acid monohydrate, 12 ml acetic acid, 120 g sodium acetate, 34 g sodium 
hydroxide, topped up to 1 L with deionized water). 100 µL of choramin- T reagent 
was added to the mixture and incubated at room temperature for 20 min. (Chloramin- 
T-reagent: 0.3525 g Chloramine T freshly dissolved in 5.175 ml water, 6.5 ml 
propanol and 13.325 ml stock buffer). 100 µL of dimethyl-aminobenzaldehyde 
(DMAB) reagent was then added to the mixture and incubated at 60 °C for 15 min 
(DMAB reagent: 3.75 g DMAB freshly dissolved in 15 ml propanol and 6.5 ml 
perchloric acid). All chemicals are used without dilution. The resulting solution was 
then cooled and the absorbance measured at 540 nm within 30 min. Collagen 
(PureCol, Inamed, USA) standard was used as positive control for calibration of a 
standard curve. The collagen content measured was normalized to the number of cells 
analyzed by PicoGreen DNA quantification assay. Error bars represent the s.e.m. of 
three independent experiments. 
6.2.1.5 Actin staining 
Multi- cellular structures were fixed in 3.7 % PFA for 30 min and permeabilized with 
0.5 % Triton- X for 15 min before staining with 0.2 mg/ ml TRITC- Phalloidin for 20 
min at room temperature. Images of the actin distribution in the multi- cellular 
structures were taken with (Zeiss LSM510, Germany) at 543 nm excitation 
wavelength. 
6.2.2 Functional assessment of linker- engineered multi- cellular constructs 
6.2.2.1 Albumin secretion and Cytochrome P450 1A1/2 enzymatic activity 
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The albumin secretion and cytochrome P- 450 1A1/2 activity of multi- cellular 
structures were measured on days 1, 3, 5 and 7. 2D monolayer cells were used as 
control. The albumin secretions over 24 h culture were determined using the Human 
Albumin ELISA Quantitation kit (Bethyl Laboratories Inc., USA). CytochromeP- 450 
1A1/2 activity was measured by 7- ethoxyresorufin- O- deethylation (EROD) assay. 
Multi- cellular structures were incubated with 30 mM of ethoxyresorufin in serum- 
free DMEM for 4 h in 12- well plate on orbital shaker and the amount of fluorescent 
product resorufin produced was measured using a SafireII microplate reader (Tecan, 
Switzerland) at 480 nm excitation and 520 nm emission. Albumin secretion was 
normalized to the total cell number, quantified using the PicoGreen DNA 
quantification assay. Cytochrome P- 450 1A1/2 activity was normalised to the area of 
multi- cellular structures stained by resorufin dye using Matlab R2009a and Labview 
8.5. 
 6.3 Results 
In the previous study, a dendrimeric inter- cellular linker has been developed 
and used to fabricate 3D multi- cellular constructs. In this section, we describe the 
systematic biological characterization of the 3D multi- cellular constructs, formed 
using the dendrimeric inter- cellular linker. All the results presented in this section are 
obtained using the C3A human hepatic cell line as a model system. The objective is to 
demonstrate that the engineering process did not alter the cells’ ability to remodel 
during culture to display phenotypes of mature 3D tissue constructs. Mature 3D tissue 
constructs are compact cultures of cells ~ 200-250 µm in diameter that possess the 
following features: development of cell-cell interaction, secretion of extra-cellular 
matrix [326-328], and maintainence of good cellular functions [230, 329].  
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6.3.1 Structural characterisation of linker- engineered multi- cellular constructs 
Cell viability and proliferation in linker- engineered multi- cellular structures in 
suspension culture  
To assess the cell viability in multi- cellular structures over a 7- day culture 
period, confocal laser scanning microscopy (CLSM) was used to image and quantify 
live and dead cells co-stained with CTG and PI, respectively (Figure 16A). The cell 
viability of the multi- cellular structures was maintained throughout the 7- day culture. 
PicoGreen total DNA quantification assay indicated that the total cell number 
increased > 5 folds during the 7- day culture (Figure 16B). Therefore, the multi- 









Figure 16. Proliferation of cells in multi- cellular structures during 7- day culture. (A) 
Confocal images of live (green) and dead (red) C3A cells in multi- cellular structures 
on days 0, 1, 2, 3, 5 and 7 indicated high cell viability and an increase in construct 
size, (B) PicoGreen total DNA quantification assay indicated that total cell number 
increased during the 7- day culture. Data plotted represent the mean ± s.e.m of 3 
independent experiments. 
Morphological observation using scanning electron microscopy and F- actin staining 
SEM was used to observe the cell morphology of the multi- cellular structures 
over a 7- day culture period. The SEM images indicated that cells in multi- cellular 
structures were loosely aggregated on day 0 and formed compact cell- cell contacts 
from day 1 onwards (Figure 17A). During the 7- day culture, cells in the constructs 
proliferated while maintaining their 3D cell morphology. ECM was gradually secreted 
into the inter- cellular spaces blurring the cell- cell boundaries. The amount of collagen 
content in the multi- cellular structures was quantified using hydroxyproline assay. 
There’s a progressive increase in collagen content from day 1 (24.6 µg ± 0.7) to day 7 
(32.4 µg ± 0.5). In a 2D environment, the C3A cells were allowed to attach and 
gradually spread, which causes them to lose their spherical morphology. Morphological 
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alterations acquired in monolayer are accompanied by critical biochemical changes 
such as decrease of collagen expression(Figure 17B). On day 7, cell- cell boundaries 
were unidentifiable, and the final morphology of the multi- cellular structures 
resembled that of a naturally formed spheroid. Cells exhibited a cortical actin 
distribution typical of 3D morphology throughout the 7- day culture, in contrast with 
the actin distribution in 2D cultured cells with stress fibers throughout cytoplasm 









Figure 17. Cell morphology in multi- cellular structures during 7- Day Culture. (A) 
Cells in constructs proliferated while maintaining their 3D round cell morphology. 
Cells in multi- cellular structures were loosely aggregated on day 0 and formed 
compact cell- cell contacts from day 1 onwards. ECM was gradually secreted into the 
inter- cellular spaces blurring cell- cell boundaries; (B) Collagen content of linker- 
engineered multi- cellular structures over a period of 7 days, compared to that of the 
2D monolayer cell culture. Relative amount of collagen secreted by cells cultured as 
multi- cellular structures during the 7- day culture progressively increases starting 
from day 0 (24.6 µg ± 0.7) to day 7 (32.4 µg ± 0.5) as measured by hydroxyproline 
assay; and (C) cells exhibited a cortical actin distribution typical of 3D morphology 
throughout the 7- day culture, in contrast with the actin distribution in 2D cultured 




6.3.2 Functional assessment of linker- engineered multi- cellular constructs 
Albumin secretion and Cytochrome P450 1A1/2 enzymatic activity 
The functional maintenance of linker- engineered multi- cellular structures 
was investigated by analyzing specific markers to measure the liver cell functions in 
vitro. This includes albumin secretion, and cytochrome P450 activity (phase 1), which 
were monitored over a 7- day culture period in comparison with the 2D monolayer 
culture as control. The albumin secretion normalized against cell number shows a 
progressive increase in the amount of albumin secreted from 2.73 ± 0.78 µg / 106 cells 
on day 1 to 12.02 ± 1.78 µg / 106 cells on day 7, as compared to 0.93 ± 0.03 µg / 106 
cells secreted by cells cultured in 2D monolayer (Figure 18A). Cytochrome P450 
1A1/2 activity in the multi- cellular structures was measured using EROD assay and 
normalized to the cell- containing regions in the images. The amounts of resorufin 
observed in multi- cellular structures were 0.188 ± 0.031 µM, 0.221 ± 0.046 µM, 
0.214 ± 0.032 µM, 0.24 ± 0.008 µM on days 1, 3, 5, 7 respectively, versus that in the 
2D monolayer culture of 0.06 ± 0.031 µM. The representative cellular activity of the 
suspension- cultured cells in multi- cellular structures was consistently higher than 












Figure 18. Cellular functions in multi- cellular structures. Normalized levels of (A) 
albumin production and (B) CYP1A1/2 activity of linker- engineered multi- cellular 
structures over a period of 7 days, compared to that of the 2D monolayer cell culture. 
The albumin and CYP1A1/2 activity were both significantly higher in the multi- 
cellular structures than the 2D monolayer culture. Data plotted represent the mean ± 




6.4.1 Biological characterisation of linker- engineered multi- cellular constructs 
6.4.1.1 Morphological changes of multi- cellular constructs during culture 
Cells incubated with 0.5 µM of dendrimeric inter- cellular linker can form 
multi- cellular structures within 30 min at 4 °C on the orbitron shaker. The shaking 
effect creates random collision between the cells with adjacent linker. The longer the 
time of incubation with linker the larger the multi- cellular structures can be formed. 
When single cells are treated with the dendrimeric inter- cellular linker and 
centrifuged at 40 rcf, the rate of constructs formation is greatly accelerated to within 1 
min. The centrifugation force has mechanically compacted the cells and linker to 
within a confined small volume hence maximising the cell- linker- cell interactions. 
As evident in the microarray data, forming multi- cellular structures with 0.5 µM of 
dendrimeric inter- cellular linker and subjected cells to mechanical compaction using 
centrifugation caused no adverse effects on the cellular functions. 
During a 7- day culture, the cells in the linker- engineered multi- cellular 
structures maintained high cell viability and proliferation activity. They exhibited 3D 
cell morphology and cell- cell contact with ECM that was gradually secreted into the 
inter- cellular spaces blurring cell– cell boundaries and eventually forming a fibrous 
covering over the entire surface of the multi- cellular constructs. Mature 3D spheroids 
should exist as compact aggregates of cells that have no distinct cell-cell boundaries 
and contains an extensive and complex 3D network of cell- matrix and cell- cell 
interactions [13, 182, 330, 331]. A quantification of the total collagen content showed 
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an overall increase of ~ 30 % in collagen secreted by the multi- cellular constructs 
after 7 days of culture. 
Cellular functions measured from the linker- engineered multi- cellular 
structures were greatly enhanced and increased consistently throughout the 7- day 
culture as compared to that in 2D monolayer.  
The formation of a mature spheroid can be divided into 2 parts: The first is the 
“pooling” of many single cells to form a package of cells, which may be a result of 
natural aggregation of cells in a rotational culture and / or the division of single cells 
to form aggregates in proliferative cells. The second part is remodeling of the 3D 
cellular microenvironment, including the formation of cell- cell interactions, secretion 
of ECM and development of nutrient gradients. The inter- cellular linker accelerated 
the formation of spheroids by skipping the first step, that is, forcing the aggregation of 
a large number of cells. For certain cell types that do not aggregate naturally [332], the 
dendrimeric inter- cellular linker provides a way to induce cellular aggregation for 
applications. Accelerating the formation of 3D multi- cellular constructs is beneficial 
as it would generate savings in terms of time, cost and labour. To accelerate the 
formation of 3D multi- cellular constructs, various engineering methods have been 
developed. Poly (lactide- co- glycolide) (PLG) and chitosan scaffolds have been used 
to engineer tumour spheroids with superior angiogenic characteristics, malignant 
potential and chemotherapeutic resistance which are more in vivo- like than 
conventional 2D monolayer cultures [231, 333]. Alginate scaffolds have been used to 
form C3A spheroids with enhanced liver metabolic functions for drug metabolism 
studies [230]. Besides porous matrices, hydrogels have also been used to encapsulate 
cells to form spheroids. Mammalian cells were encapsulated in Matrigel to form polar 
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structures capable of mammary gland specific functions [334, 335] while MCF- 7 cells 
were encapsulated in alginate hydrogels to form tumour spheroids with high drug 
resistance [186]. More recently, the multicell layer model (MCL), which consists of a 
disc of cells grown from cells seeded on a collagen- coated membrane, was developed 
to mimic the spheroid model but with a planar nature to allow easy measurements 
during drug penetration studies [336, 337]. However, the use of bulk biomaterials like 
the porous matrices or hydrogels may interfere with the formation of a cell- dense 
tissue structure or even hinder experimental intervention. The use of animal- derived 
components such as Matrigel and collagen with variable properties and pathogenic 
risks is also not ideal [12, 20]. The dendrimeric inter- cellular linker hence provides a 
good alternative method to engineer cell- dense spheroids for various applications. 
6.4.1.2 Applications of linker- engineered multi- cellular constructs 
Spheroids formed with cell lines form excellent 3D in vitro cancer models for 
drug testing applications. It was found that cancer drug screening methods using 2D 
cell cultures yield little significant correspondence between in vitro or in vivo 
preclinical models and actual clinical results [323, 338]. This lack of predictability has 
been attributed to the lack of attention to culture the cells to phenotypically represent 
their in vivo counterparts [185, 339].  To better recapitulate the in vivo situation in 
vitro, 3D models like the multi- cellular tumour spheroid (MCTS) model are necessary 
[336]. The MCTS model is one of the most studied and established 3D cancer models, 
where cells are held together in 3D by cell- cell interactions and features key 
properties of solid tumours such as cell- cell and cell- matrix interactions that are 
relevant to penetration of drugs [12, 184, 330]. The different cell populations present 
in MCTS is also similar to avascular tumour nodules or microregions of solid 
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tumours[184, 332, 340]. MCTS better reflect the in vivo pathophysiological situation 
in human tumour tissues than conventional 2D cultures for more predictive clinical 
behaviour. The dendrimeric inter- cellular linker can be used for rapid formation of 
MCTS for cancer studies. The dendrimeric inter- cellular linker can be used to 
accelerate the formation of spheroids as 3D in vitro cancer model for cancer studies.  
Cellular aggregates have also been used successfully as building blocks for 
organ printing in hydrogels [60, 341]. The dendrimeric inter- cellular linker should 
achieve the same without the bulk biomaterials such as hydrogels. The 3D cellular 
support can be rapidly established by the linker to form 3D multi- cellular constructs 
as basic building blocks for construction of complex tissue structures. Defined tissue 
constructs can also be fabricated with the help of stenciling methods like 
dielectrophoretic cell patterning [64] or microfabrication techniques [66]. In the next 
section, we discuss the use of micro- manipulator system to quantify the adhesion 
force between linker engineered cells and use of mechanically confinement technique 
(optical trapping system) to help reproducibly engineer 3D precise multi-cellular 
structures of defined dimensions for applications. 
6.5 Summary of Specific Aim 3 
Cells in 3D multi- cellular constructs demonstrated improved cell viabilities 
throughout the culture period and proliferated well. The cells in 3D multi- cellular 
constructs maintained 3D cell morphology and 3D cell- cell interactions continuously 
during the one week culture. The cells in 3D multi- cellular constructs also 





RAPID CONSTRUCTION OF DEFINED MULTI- CELLULAR STRUCTURES 
WITH DENDRIMERIC INTER- CELLULAR LINKER USING OPTICAL 
TWEEZER 
7.1 Introduction 
Several groups have attempted to fabricate tissue constructs using scaffold 
techniques. Others have developed methods to directly “plot” living cells into tissue- 
like multi- cellular constructs without the use of scaffold to reconstruct complicated 
architectures of complex tissue. Robotic printing was used to biofabricate 3D 
functional living micro- tissue and organ constructs using cellular spheroids as 
building blocks [321]. Permanent 3D configurations of cells, at predefined positions, 
were also created within a gelatin matrix with the use of the holographic optical 
tweezer to manipulate the individual cells, enabling a number of applications, 
including the arrangement of a variety of different cell types in complex architecture 
[281]. Ho et al. have reconstructed a lobule mimetic liver tissue of heterogeneous 
hepatic and endothelial cells via dielectrophoresis- based cell patterning [342]. Other 
groups have used cell laden 3D microgel to fabricate 3D tissue constructs allowing for 
precise placement of multiple cell types throughout the constructs[261, 343].  
In present study, the laser beam from the optical tweezer permits the 
manipulation of linker- engineered individual cells into defined cellular structures e.g. 
ring, sheet and branching rod over a time scale of minutes. It is possible to 
simultaneously manipulate hundreds of cells at a time within minutes with the use of a 
multiple beam optical tweezer [280]. Here we explored a method to rapidly construct 
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defined multi- cellular structures in an automated manner via optical tweezer to 
manipulate individual cells and stabilized the structure by the dendrimeric inter- 
cellular linker to crosslink the cells via hydrophobic interaction. This approach 
enables construction of basic tissue building blocks to further assemble into complex 
3D tissue constructs in a gel- free environment. 
7.2 Materials and methods 
7.2.1 Adhesion force measurement between cells with dendrimeric inter- cellular 
linker using the dual micropipette system 
The adhesion force between linker- engineered cells was studied using the 
dual micropipette assay. Micropipettes were obtained using a micropipette puller 
(Sutter instruments company, USA). Pipettes with internal diameter of 5 µm were 
used for the experiments. The pipettes were mounted on the micromanipulator and 
connected to pressure syringe. Experiments were carried out at room temperature on 
the stage of an inverted microscope (Olympus, Japan) using a 40 x objective. The dual 
micropipette assay procedures consisted of holding one cell on the horizontal pipette 
with a suction pressure large enough to hold it stably and manipulating a second cell 
close to the first using another pipette which was placed perpendicular to the first 
pipette. The cells were kept in contact for 1 min. The adhesion force was studied by 
pulling the cell on the horizontal pipette away from the cell on the vertical pipette. Let 
the deflection of the flexible micropipette to which a cell was attached be xpipette, and 
the force constant or elastic stiffness of the pipette be kpipette. The pulling force, F, 




7.2.2 Precise construction of defined multi- cellular constructs  
An optical tweezers system comprising of an infrared laser (1064 nm, Viasho) 
and an inverted optical microscope (TE 300, Nikon) was used to manipulate the cells. 
The light from the laser was guided using a series of mirrors, lenses and a dichroic 
filter within the microscope reflecting the light through a 100x objective lens with a 
numerical aperture of 1.3. Cells were diluted with PBS and loaded into a PEG- coated 
glass- bottomed petri dish, through which the manipulation of cells was carried out. 
7.2.3 Other methods 
Cell culture 
C3A cells (ATCC, USA) were cultured in Minimum Essential Medium (MEM) 
supplemented with 10 % FCS, 1.5 g/ L sodium bicarbonate, 1 mM sodium pyruvate, 
100 units/ mL penicillin and 100 g/ mL streptomycin. 
7.3 Results 
7.3.1 Rapid construction of defined multi- cellular structures with dendrimeric 
inter- cellular linker using optical tweezer 
7.3.1.1 Design and operation of optical tweezer 
Optical tweezers are capable of manipulating nanometer and micrometer- sized 
particles by exerting extremely small forces via a highly focused laser beam. The 
beam is typically focused by sending it through a microscope objective. The narrowest 
point of the focused beam, known as the beam waist, contains a very strong electric 
field gradient. It turns out that dielectric particles are attracted along the gradient to the 
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region of strongest electric field, which is the center of the beam. The laser light also 
tends to apply a force on particles in the beam along the direction of beam propagation.  
Optical traps are very sensitive instruments and are capable of the 
manipulation and detection of sub- nanometer displacements for sub- micrometre 
dielectric particles [344]. They are often used to manipulate and study single 
molecules by interacting with a bead that has been attached to that molecule. DNA and 
the proteins and enzymes that interact with it are commonly studied in this way. In 
recent years, methods have been developed to directly plot cells using laser guidance. 
Odde et al. have achieved the deposition of a stream of cells onto a surface in a 
specified pattern using optical trapping forces to guide cells [345]. While this 
technique allows for specific placement of individual cells, scaling up may become 
limiting due to the nature of the technique. Permanent 3D configurations of cells, at 
predefined positions, were also created within a gelatin matrix with the use of the 
holographic optical tweezer to manipulate the individual cells, enabling a number of 
applications, including the arrangement of a variety of different cell types in complex 
architecture [281]. Because these technologies rely, to some extent, on the emerging 
field of cellular assembly, future studies will be required to determine which tissues 
will be amenable to assembly by this approach. 
In present study, the laser beam from the single beam optical tweezer system 
(Figure 19) permits the manipulation of linker- engineered individual cells into precise 
and defined cellular structures over a time scale of minutes. It is possible to 
simultaneously manipulate hundreds of cells at a time within minutes with the use of a 
multiple beam optical tweezer [280]. Here we explored a method to rapidly construct 
defined multi- cellular structures in an automated manner via optical tweezer to 
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manipulate individual cells and stabilized the structure by the dendrimeric inter- 
cellular linker to crosslink the cells via hydrophobic interaction. This approach enables 
construction of basic tissue building blocks to further assemble into complex 3D tissue 
constructs in a gel-free environment (Figure 20). 
 
Figure 19. Schematic representation of single beam optical tweezer system 
 
 
Figure 20. Cellular assembly using dendrimeric inter- cellular linker: Dendrimeric 
inter- cellular linker with the lipid oleyl- PEG arms can stabilize cell- cell interaction 
that is accelerated by mechanical constraints such as using an optical trap. 
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7.3.1.2 Adhesion force measurement between cells with dendrimeric inter- cellular 
linker 
The force of interaction between linker- treated cells was studied using the 
dual micropipette assay to probe the adhesion between adjacent cells treated with the 
dendrimeric linker. The dual micropipette assay was performed by holding one cell on 
a horizontal pipette with a suction pressure large enough to grasp it stably and 
manipulating a second cell close to the first using another pipette placed perpendicular 
to the first pipette. The cells were kept in contact for 1 min. The adhesion force is 
calculated from the amount of bending required to break the cell– pipette contact (see 
Materials and Methods). Our results compared favorably with other micropipette 
techniques. The force magnitude was in the experimental range reported in the 
literature for cell- cell interactions caused by cell adhesion molecules (in nN, 22-23). 
We measured an average adhesion force of 3.80 ± 0.08 nN between the un- treated 
cells (control) and 33.18 ± 0.08 nN between cells treated with dendrimeric linker. The 
micropipette deflection for linker treated cells is clearly visible as shown by the 
deviation from the dashed line from the initial starting point (Figure 21C). The amount 
of force required to detach the linker engineered cells was 10 x greater in comparison 
to the un- treated cells (control). The positively charged dendrimeric linker with 
hydrophobic cell- membrane binding moieties serves as a secondary force to 















Figure 21. Adhesion force of oleyl- PEG conjugated DAB dendrimeric linker on cells. 
(A) Diagram of force measurement by micromanipulator. C3A cells are attached to the 
thin flexible micropipettes which were placed perpendicular to each other. The cell is 
trapped in place at the tip of the suction pipette. The movement of the suction pipette 
is controlled by a micromanipulator, which pulls the cell up until it is detached from 
the other cell. The suction pressure is applied by a syringe. (B) Successive frames of 
pulling operation for un- treated cells. The left panel: cells before being pulled apart, 
the right panel: cells separated from one another. (C) Successive frames of pulling 
operation for linker- treated cells. (i- ii) The cell is pulled, and the flexible pipette 
increasingly deviates from its original position (indicated by the black dotted line). (iii) 
The instant before the cell is pulled off from one another. (iv) The cell is successfully 
pulled off the flexible pipette.  
7.3.1.3 Precise construction of defined multi- cellular constructs  
Defined multi- cellular structures were constructed using linker- treated cells. 
An optical laser trap was used to control and manipulate cells in forming defined 
multi- cellular structures as potential tissue building blocks. The structures assembled 
with linkers remained intact even after the laser was removed whereas the cells 
without linkers would drift apart readily. We could rapidly (within minutes) form 














Figure 22. Rapid construction of optically- trapped defined multi- cellular structures 
using dendrimeric inter- cellular linker. Rapid assembly of (A) ring, sheet and 
branching rod for linker- engineered cells at 44.1 mW laser power. Disruption of rod 
construct for (B) untreated cells and (C) linker- engineered cells at 775 mW laser 
power (direction of pulling laser indicated by arrow). The sheet construct for linker- 
engineered cells remained intact and was rotated in 3D by the laser power, while cells 
from the negative control drifted away from the rest of the construct (as indicated by 
double arrow).  
7.4 Discussions 
7.4.1 Adhesion force of oleyl- PEG conjugated DAB dendrimeric linker on cells 
We have measured the adhesion force between the cells treated with linkers 
using a dual pipette micromanipulation system. The force measurements are simply 
based on the measurement of the micropipette deflection. The force values measured 
using the dual micropipette system is comparable to the range of cancerous cell 
detachment force of 10-1 to 102 nN from each other as reported previously [346]. The 
force of interaction between the control cells measured by the micropipette is 
approximately 3 ± 0.08 nN, which was within the range of adhesion force (3 to 5 nN) 
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for liver cells in suspension [347]. The dendrimeric linker helps to stabilize the cell- 
cell interaction as evident from the ten- fold increase in the adhesion forces measured 
between adjacent cells. It is difficult to quantify the adhesion forces at the resolution 
of individual cell- linker molecules using the dual micropipette system. Other 
parameters needs to be considered when considering the detachment force at single 
molecular scale. These include the cell membrane property, cell geometry, contact 
surface and contact time between the two cells, linker property including number of 
linker on each cell surface and binding efficiency of each dendrimeric linker onto the 
cells. More precise biophysical measurement and biochemical responses at the nano- 
scale involving single molecule interaction can be achieved using other techniques 
such as the atomic force microscopy [348]. 
7.4.2 Formation of defined 3D cellular structures with optical trapping method 
Several groups have attempted to fabricate tissue constructs using scaffold 
techniques. Others have developed methods to use external physical forces to directly 
“plot” living cells into tissue- like multi- cellular constructs without the use of scaffold 
to reconstruct complicated architectures of complex tissue.  
One way to do that is robotic printing was used to biofabricate 3D functional 
living micro- tissue and organ constructs using cellular spheroids as building blocks 
[321]. Dielectrophoretic forces for cell manipulation has been used to fabricate tissues 
of varying microstructures [64, 69, 77]. Both techniques are carried out with cells in 
suspension in liquid hydrogels, which are subsequently solidified to lock the cells in 
place after patterning. Permanent 3D configurations of cells, at predefined positions, 
were also created within a gelatin matrix with the use of the holographic optical 
tweezer to manipulate the individual cells, enabling a number of applications, 
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including the arrangement of a variety of different cell types in complex architecture 
[281]. Ho et al. have reconstructed a lobule mimetic liver tissue of heterogeneous 
hepatic and endothelial cells via dielectrophoresis- based cell patterning [342]. Other 
groups have used cell laden 3D microgel to fabricate 3D tissue constructs allowing for 
precise placement of multiple cell types throughout the constructs [261, 343]. With the 
dendrimeric inter- cellular linker, patterning and cell culture would not be confined to 
take place within hydrogels, which potentially opens up more avenues for innovation. 
In present study, the laser beam from the optical tweezer permits the manipulation of 
linker- engineered individual cells into defined cellular structures e.g. ring, sheet and 
branching rod (Figure 22A) over a time scale of minutes. It is possible to 
simultaneously manipulate hundreds of cells at a time within minutes with the use of a 
multiple beam optical tweezer [280]. Here we explored a method to rapidly construct 
defined multi- cellular structures in an automated manner via optical tweezer to 
manipulate individual cells and stabilized the structure by the dendrimeric inter-
cellular linker to crosslink the cells via hydrophobic interaction. This approach enables 
construction of basic tissue building blocks to further assemble into complex 3D tissue 
constructs in a gel-free environment. 
7.4.3 Applications of 3D cellular lego 
The ultimate goal is to design and fabricate natural- like functional human 
tissues and organs complex tissue with sophisticated structural- functional relationship 
which are suitable for regeneration, repair and replacement of damaged, injured or lost 
human organs. The tissue constructs fabricated will be able to provide nutrient 
transport, mechanical stability, coordination of multi- cellular processes, and a cellular 
microenvironment that promotes phenotypic stability that mimics the in vivo situation. 
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Besides their obvious application for organ transplantation, 3D perfused, vascularized 
human tissues (or structural- functional units of human organs) could become popular 
screening assays for drug discovery and testing and further biomedical research [240]. 
7.5 Summary of Specific Aim 4 
The force of interaction between linker- treated cells was studied using the 
dual micropipette assay to probe the adhesion between adjacent cells treated with the 
dendrimeric linker. We measured an average adhesion force of 3.80 ± 0.08 nN 
between the un-treated cells (control) and 33.18 ± 0.08 nN between cells treated with 
dendrimeric linker. The positively charged dendrimeric linker with hydrophobic cell- 
membrane binding moieties serves as a secondary force to strengthen the adhesion 
force between cells. 
The dendrimeric inter- cellular linker stabilizes the multi- cellular structures of 
defined shape and pattern in a gel- free environment by mechanically confining the 
cells. We constructed defined multi- cellular structures such as rings, sheets or 
branching rods that can serve as potential tissue building blocks to be further 
assembled into complex 3D tissue constructs for biomedical applications and also in 









This thesis has shown the development of a dendrimeric inter- cellular linker 
(oleyl- PEG- DAB conjugate) that can rapidly and effectively induce aggregation of 
live cells to construct 3D multi- cellular structures.  
Engineering 3D tissue constructs has been achieved with many approaches 
such as using self- assembly techniques, scaffolds, cell sheet engineering and organ 
printing technology. All the developed approaches have proved their usefulness for 
engineering multi- cellular constructs. While one limitation is that most of the 
available technologies are highly based on cells’ inherent ability to assembly together 
into multi- cellular tissue constructs [263], thus usually takes days or even longer time. 
Another important issue is that the scaffold based approaches may be suitable for 
fabrication of tissues and organs with abundant ECM composition, such as ligament, 
tendon, and cartilage, but not suitable for internal organs such as liver, heart, and 
kidney that are mostly cell- dense and ECM- poor.  
Therefore engineering tissue constructs with minimal biomaterials usage 
would be important issue to be solved to recapitulate the complex structure- 
functional relationship in these internal organs. A newly developed inter- cellular 
linker approach seemed to be able to solve above two issues by cross- linking surface 
engineered cells into multi- cellular structures in minutes or hours. [29, 30]. However, 
these techniques require pre- chemical or metabolic engineering to the cell surface 
prior to treatment with linker to establish cell- cell interaction. The linking process 
takes from hours to days that are impractical for fabricating complex 3D tissue 
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constructs and can interfere with cellular functions over the extended treatment time. 
The efficiency of the cell- cell interaction using linear polymeric linkers can be low 
because the linear polymer has the tendency to fold back to the same cell surface 
thereby forming a loop around the cell instead of bridging between two different cells. 
In order to circumvent these problems, we design a dendrimeric inter- cellular linker 
that can rapidly stabilize cell- cell contacts within minutes.  
Currently, there is no single strategy that allows the engineering of cell- dense 
constructs of defined shapes and patterns that could serve as tissue building blocks for 
further assembly into complex 3D tissue constructs for various biomedical 
applications. The development of an efficient inter- cellular linker that aids the 
formation of 3D cell-dense constructs in a one step manner without spatial restriction 
would be beneficial for tissue engineering and drug testing applications.  
The first aim of the project is to engineer cell membrane surface with non- 
native functionality in a controlled, reliable and reproducible manner using 
cholesterol- PEG (cho- PEG) conjugates. The cell surface decorated with ketone 
groups was in turn used to form multi- cellular constructs by reaction with PEI / DAB- 
hydrazaide linker [27, 28] previously developed in the lab. There are several 
limitations for this design of cho- PEG conjugate anchors. It involves a two step 
process to induce cell- cell interaction which will require a pre- chemical modification 
of the cell surface with cholesterol anchors. This will increase the time to form the 
multi- cellular structures and might induce detrimental effects on cell viability and 
functions. There exists another drawback for the cho- PEG conjugate anchors. The 
cholesterol anchor will tend to assemble in the raft region of the cell membrane, 
thereby interfering the cell signaling process [319]. 
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In order to overcome the limitations in the first linker design, we have 
developed a class of dendrimeric inter- cellular linker comprising of a DAB dendrimer 
conjugated to the PEG derivative with oleyl group as the hydrophobic group at the 
terminal. The development of this linker was covered in second aim of the thesis.  
In this process, rapid cell- cell contact was established in a one- step process by 
the dendrimeric inter- cellular linker anchoring into the cell membrane bilayer via 
hydrophobic and the charge interaction between the dendrimeric linker with the cell 
surface. The driving force is the gain in energy due to the association of the oleyl 
groups within the dendrimer into a more orderly hydrophobic membrane environment 
and the charge interaction between the positively charged DAB dendrimer on the 
linker and the negatively charged cell surface. The positive charges on the DAB 
backbone promote the electrostatic interaction of DAB with negatively- charged 
proteoglycans present on cell surfaces [310-312]. We employed an oleyl chain as the 
membrane anchor. The unsaturated alkyl chain can be anchored into the cell 
membrane without  affecting the cellular raft and it’s signaling.  
The cells in the 3D multi- cellular structures proliferated and preserved their 
3D structural integrity and cellular morphology independently from the dendrimeric 
inter- cellular linker. Structural characterization and functional assessment showed 
that the 3D multi- cellular structures remodelled during culture to exhibit features of a 
mature 3D spheroid with tissue- like phenotypes such as tight cell- cell contact, 
secretion of extracellular matrix and exhibit good cellular functions such as albumin 
and urea synthesis. We further incorporated the use of the dendrimeric inter- cellular 
linker into the formation of precise and defined 3D multi- cellular structures with the 
use of an optical tweezer system. The optical trap was used to physically constrain the 
 114 
 
linker engineered cells into precise and defined positions with high spatial and 
temporal resolution. This is a useful platform for production of scaffold- free micro 
tissue constructs as biomimicry drug testing platform or for rapid engineering of 


















RECOMMENDATIONS FOR FUTURE RESEARCH 
9.1 Use of dendrimeric inter- cellular linker to facilitate formation of 
heterocellular cell aggregates 
In this work, the inter- cellular linker was used only for aggregating homotypic 
cells. The next step towards engineering functional tissues will involve facilitating 
heterotypic cell- cell interaction in vitro to mimic tissue structures in vivo. For 
example, the islets of Langerhans in the pancreas have a distinct architecture whereby 
nonbeta cells surrounds a mass of beta cells in the centre [349]. These homotypic and 
heterotypic cell cell interactions are necessary for responding to different nutrient 
stimuli [350, 351]. In engineering tumour models, tumour cells can be co- cultured 
with other cell types to study interactions between the tumour cells and other cells. For 
example, tumour cells can be cultured with immune cells to study infiltration of 
immune cells into tumours [352]; or with endothelial cells to study angiogenesis [353]; 
or with fibroblasts to study tumour cell invasion [354]. The dendrimeric inter- cellular 
linker can be used to facilitate these heterotypic cell- cell interactions in vitro to mimic 
the in vivo situations. 
9.2 Using linker engineered tissue spheroids as building blocks for organ printing 
Organ printing using linker engineered tissue spheroids is a possible alternative 
to the classic solid biodegradable scaffold- based approach in the field of tissue 
engineering [24]. Homocellular and heterocellular aggregates can be rapidly formed 
by the dendrimeric inter- cellular linker which can be further assembled into 3D 
functional living macrotissues and organ constructs. The ultimate goal is to 
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biofabricate the 3D functional living macrotissues and organ constructs into natural- 
like functional human tissues and organs suitable for regeneration, repair and 
replacement of damaged, injured or lost human organs [35-38]. 
9.3 Inter- cellular linker with different functional groups 
In this work, oleyl group on the dendrimeric inter- cellular linker is serving as 
membrane anchorage moieties to form a linkage between two individual cells. It is 
synthetically feasible to bi- functionalize the other arms of the DAB dendrimer with 
other functional groups that react specifically with cell surface. For instance, galactose 
and RGD peptide groups can be conjugated onto multivalent DAB dendrimer which 
can be used to aggregate hepatoma cells which display the specific interaction with 
cell surface integrin and asialoglycoprotein receptor site (ASGPR) for galactose 
ligands on cell surfaces[355].  
9.4 Inter- cellular linker with photo cross-linkable and photo- degradable 
functionality 
The past few decades have seen a rapid evolution in the development of novel 
materials for applications in the field of tissue engineering [356]. As the development 
of these materials has advanced, there has been further interest in control over material 
properties in time and space. One approach to achieve this precise control is through 
the employment of exogenous agents that can act on the material, such as light [357]. 
Light is a particularly attractive source of energy for use in controlling 
biomaterial behavior. Its intensity and wavelength can easily be controlled through the 
use of filters, and photomasks or lasers allow for fabrication of complex features and 
exposure areas with resolution as small as approximately 1 µm. The advent of 
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confocal microscopy has enabled a further increase in resolution, in addition to 3D 
control [358, 359]. Recent advances in two- photon microscopy and lasers and the 
development of near infra- red active molecules allowing the development of a range 
of useful materials which are suitable for use in the in vivo setting [360].  
Light- responsive polymeric materials can be designed through the 
incorporation of specific chemical moieties into the polymer network or through 
composite systems in which a light- responsive group is suspended within the network, 
though not covalently attached. The first photo- degradable hydrogel system reported 
for tissue engineering by Kloxin and coworkers demonstrated the modification of PEG 
diacrylate to include a 2- nitrobenzyl linker between the PEG and acrylate end groups. 
This diacrylate acts as a crosslinker in a radically- polymerized gel system. Upon UV 
exposure, using either a UV lamp or confocal microscope, portions of the gel could be 
eroded away by rearrangement of the nitrobenzyl groups and cleavage of the crosslink. 
Erosion of channels within gels containing fibronectin created regions that were 
permissive to cellular movement [361]. This important discovery opens the door for 
the design of new biomaterials for tissue engineering that can be spatially and 
temporally tailored for specific and varying mechanical properties, crosslink densities, 
and ligand concentrations through combinations of photocleavable groups and 
corresponding non-cleavable molecules. 
We proposed to design an inter- cellular linker with photo cross- linkable and 
photo- degradable functionality which can enable real- time manipulation of material 
properties or chemistry in a gel- free environment. The current design of the photo- 
degradable hydrogel allows random cleavage of cross- links with the hydrogel 
encapsulating a cluster of cells but does not provide a sub- cellular manipulation of 
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individual cell- cell interaction. The extra- cellular physical and chemical cues can be 
regulated on demand with physical and chemical properties of the linker tunable 
temporally and spatially with light. This can aid in providing a dynamic environments 
to answer fundamental questions about material regulation of live cell function and 
can be potentially used in the applications from design of drug delivery vehicles to 
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